WO 2006/ 130415 PCT/ US2006/ 020188 METER ELECTRONI CS AND METHODS FOR
DETECTI NG A FLOW ANOVALY | N A FLOW MATERI AL Background of the Invention

1. Field o{vdﬁgﬁ/bmﬁﬁntl on The present invention rel atespEpuiRbEs2018s
el ectroni cs and nethods for detecting a flow anomaly in a flow materi al

flowing through a flow neter. 2. Statenent of the ProblemlIt is known to

use Corioli zvngﬁﬁﬁ‘ib%‘f‘ﬁr Oug%%NW%ﬁ%ﬁS%d@@ﬁg%#ﬂW@&%L@)W%'NoahQi?r mat i on

of materi al oW ng t I'ne as osed tent No.
4,491,025 issued to J. E. Smth,NeA FRDW BiATERMEry 1, 1985 and Re. 31, 450
to J.E. . Smth of February 11, 1982. These flow neters have one or nore
fl ow tubes f diffe confl gurations. Each conduit configuration may
be vi ewe gﬁ%%ﬁfﬁ‘es@f"e’bff‘mhat ural vibration nodes including, for

exanpl e, §|ﬁg@} glg;;éwgwggm,; orsional, radial and coupled nodes. In a
typical Coriolis mass flow nmeasur errent application, a conduit

confi gur ati on The peeseint 8xyentmoromreéatasto mute eldcknoatcs and metesis dor &tartingri al

flows through the .conduit, ?mjtiogqof t conduit is neasured at
poi nt s spfg% gy dn arlove Bistrgiet g tropeh A toNamettbdes of the materi al

filled s? %gﬁ,&yﬁe?/%%wgglﬁhn part by the conbined mass of the flow"

t ubes an e mate in the flow tubes. Material flows into the
flow meter frdtisknoemneatse Copibfieinaskeflon nictezs tarnetsusé tessoflow bed bthewv net er .
The material i.s then dij r%ﬁted t hrough the flow tube or rowtg@es and

exits t heqrEatipppemategial %Wlﬁélﬂi’fﬁlég 61%15’@13{1%@5 rclpsed 1B G- P-JFatent g

driver ube
(o Voo PPUER (i RIIE 118 Srilfh, ot ALbl iry 108 CRERE MDD HUE, Shldri0®
al | poi nt Bebahaond 1 21 982, d]?hdsellﬂequeieﬂblhaVQom mhrnaufe fickentbes af diffeecse. As a

material begins to flow throu flow tube, riolis acceleratlons
cause eactPrHgrRR{ions. oHech epmd flffgwitﬂ&‘x’é@oé“dn% Vlgwagfgﬁ BRERE 2 Spirp{datuiplt h

respect  AnakREiRRL Mty @hent: bl QhlBEn TR RNARE AN AR el o1 de

of the ow tube lags t ase ont outlet” side
| eads themddésve[ﬁatﬁﬁnslofﬂmcarsenasplﬂ@mdeameme‘nt ep;ﬂmanmlaniosxdmn the flow
tube to produce sinusoidal signals represent atlve of the notion_of the
f1 ow t ubeCORIZHREORT PXRFISALN BBS. thgor&m@ appmEwdes 45 amatseial Bevneeerahiee two

Feror % B R AR B e LA L R TRl

ei ther a Di scrEfeevibeiiohelr modes of the material filled systems are deﬁned in part by the
combined mass of the flow tubes and the material within the flow tubes. Material flows
into the flow meter from a connected pipeline on the inlet side of the flow meter. The
material is then directed through the flow tube or flow tubes and exits the flow meter to
a pipeline connected on the outlet side.

A driver applies a force to the flow tube. The force causes the flow tube to

oscillate. When there is no material flowing through the flow meter, all points along a
flow tube oscillate with an identical phase. As a material begins to flow through the
flow tube, Coriolis accelerations cause each point along the flow tube to have a different
phase with respect to other points along the flow tube. The phase on the inlet side of the
flow tube lags the driver, while the phase on the outlet side leads the driver. Sensors are
placed at different points on the flow tube to produce sinusoidal signals representative of
the motion of the flow tube at the different points. The phase difference between the
two sensor signals is proportional to the mass flow rate of the material flowing through

the flow tube or flow tubes. In one prior art approach either a Discrete Fourier



1 WD 20061130415 PCT/ US2006/ 020188 Transform (DFT) or a Fast Fourier
Transform (FFT) is used to determ ne the phase difference between the

sensor siwpabgzkhe phase difference and a vi brati onalpdhR9MEI0SMss
response of the flow tube assenbly are used to obtain the nass flow rate.

I n one ior. ar roach, ~an. i ndepende eference signal. is used to
determn mé[q’forg’ {J)?Ic@. ot i saleE%LFIGF ﬁgaﬁg%gvﬁ“g élg%us&g % etﬁg‘ig"lﬁa ﬂFrPZ‘a?er equency
sent to diffeeNdeietké@itat sesby 8pnals YBiicefRasdbifRAecBahd RHilthti@lal fraRheAch,
the vibrational response frequency generated by a pickoff sensor can be

det er ni rfewpopse ¢fdhe Bpvrigbe essembly a¢ ewgddpeltaimthg mpse davitetee er,  wherein the

[ fl - K f ' h
b1 ckof 1 Sens ) OF GOREREGP PR is AP RaRrd T s Bt IE iR S el I 11

unders quig&tRsiinal Geqeindif 4u@RSs byIGhe tHeheeduby s8Rt &Y thalvibritiddaBddtepwnet er
is uniformand where the resulting pickoff signal frequency is

rel ati velr§tedt dnprotheigwss &t apprrachibe elbrtipsaliesronse Srqugrey sprargpd by 8
suffers fl j i . i.far . aS_ | - phase fl ows
wher e tkp\em%?fos\tﬁ/n%ét%g plggg%orr%r%%jggéelgglltnil%{t}i%&aﬁr?élugﬂég]lniaadn%ghﬁ ere there are

ai r bubbkigseih fhe frive aki Mpindefel oenims &F keab thd motsuehthsinotuatfilensas thehe pri or
art determ ned frequency can 15 fluctuate rapidly. During caonditions of
fast ancPitietifensardepgnsy- thhanerien asischrique wonss saiflyveell yngler gescpiickof f

Sl gnﬁl)l S cto%di%}{f w%%[“esfhg?lowﬁa{e!tli:g}f &t bﬁgxgﬁ\fegeg P?S ur}igc%ndénr?lgﬂlé}g @'ferrgﬁlltltlirpggase
and frequency’neasuremnents. ISalso I's a problemin enpty-tulT="enpty

hat chi ngickWfiedignal filegudrcous repdtRielyl Sabl@ PEavedrythe phastBehsufendint ef that i ng
enpty and full conditions. Also, if the frequency of the sensor noves
r api dl y, pripr ggwblens athesrihp flowasaenigl iy neionifpenaich ag & po-Resplgpswi t h t he

11 eauencyn i ERlEm R e TR P A R R P Pl P BBGUER R, 1 ¢

i ncor r ecthe QtuidiRAcOEleabE, Intsiesialab ey ueirior adtafeterptinatat-eteendf caensi ty,
volume flowrate, etc., will_also be incorrect and inaccurate. Mboreover,

t he ¥ r offucgusite 198100 niBiing senditions o dast alechiargd Beduen pafraesiiéqrssit isgpossible
det er m nat kNS 5.1 Nt i Q... ' f _signal iqgitized
and” i o PalRP el QnP Qe AP pRA NP of BN sl 7

notch fifréRendoaeRufenthty Ehinalks av frabdnoih enigtequieREipesbatdiieg aftere, when
the target frequency is changing, the notch filter may not e able to

track t hiée flavgestesis genenterlbt operged incdtentating gaptyrgis il dopditione Hlsgi if al
roCoh 1 b BP0 U NG PRI LSRR B o
t o dmt erifdepap it the eGUEING nedstied fiRGtdrcy | &aubdl deflodulaiiah at €incorrect
frequency. It should be understood that if the determined frequency is incorrect or
inaccurate, then subsequently derived values of density, volume flow rate, etc., will also
be incorrect and inaccurate. Moreover, the error can be compounded in subsequent flow
characteristic determinations. )

25 . In the pﬁor art, the pickoff signals can be digitized and digitally manipulated in
order to implement the notch filter. The notch filter accepts only a narrow band of
frequencies. Therefore, when the target frequency is changing, the notch filter may not
be able fo track the target signal for a period of time. Typically, the digital notch filter
implementation takes 1-2 seconds to track to the fluctuating target signal. Due to the

30  time required by the prior art to determine the frequency, the result is not only that the
frequency and phase determinations contain etrors, but also that the error measurement

encompasses a time span that exceeds the time span during which the error and/or two-
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frequency and phase determ nations contain errors, but also that the
error neasurenent enconpasses a tine span that exceeds the tine span

during whighabRRgs@y4 or and/or two- 2 WO 2006/ 130415 PCI;/C%Q(%Q/O%%l%
phase flow actually occur. This is due to the relative sl owiess 0

response of a notch filter inplenentation. The result is that the prior
art fl ovpiase flowashslly seewr dihed iy dugin ©Rrirglativer slowpass of sspeiselof amoidk or

determn -ni nsor frequency during two-phase flow of the 5 flow
mat eri al ﬁ]it% 1%24?1?{1%@2\/\?@,{ er. Consequently, the phase determnation is

| i kewi se sl owlend@set s aliat Bicopeor asflévReRf tamotadcuthedli vsclttheorphase

di fference using the determned . gi ckoff frequency. Therefore, any error
in the ff‘raél(ﬁf?é?%gy Heakeqrfckaming R piskeld spsoiiietrenendining fyrapkase dowrafithat i on.
The result. i .S, LAGE i i-nat i : i,n the
phase der ey e AR ARTARKEE bkl Y BRRt R AR Bl O
flow 10 &t @rorlphorgclel the @rior bt daties thiiphadediflsremedisfpahe deeymivied ue is used

to deternipe _a densit val ue (density is approxi mately equal to one over
f r equenchickef Qeéﬁt)ﬂcy-aﬁ‘h%rﬁg%?, 3 Sf19E in %ﬁér@aéﬁw dgbsrmmatinnds enpandeheat ed
or CO”POimﬂ@ghAs;e dfe}{éﬁnﬂl%ﬁﬁl.t YndRkEE @ V\iﬁé&fehs%ﬁ-errw the 'f?efq?ér?t: defetfiraBbn @

det erm nati on of vol une ow rate, ere the vol une ow'rate 1s equal

to mass #hdin thapkasd idvieteithatiyn, desddig tp.indBaskd erranin ddt@wimippthecabdsdhsy it i s
possi ble to have anonalies entrained in the flow material. A nulti-phase

f1 owl® ypregal Inadditionybreausaihe dgfpaningd Eequansy valug i pssdto drierming pepity

Corial . . . . . i al
orpor t | SRSy R R Rl AIRE e & el WS b e 2
advant agé&egsency detesninatidreis regrdiedror ¢oah@sinided!ie thrndensity ésemsinbitbrbeltdet ect ed

and quantified in the flow material. 20 Anomaly detection coul d nmake
possi bl elSt3 t&4e for  dgterpivatome! wlume fpsiricoWhete thp¥plumertiarates eghalcoul d

make posgﬁggﬁ%‘g%@%aﬁﬁeh%&e&ng ‘anonal i es. An anomaly can conprise gas

bubbl es or air bu es entrained in the flow nmaterial. Exanples are air
bubbl®s i n walehar figatapplédatigas itis pbististe tohan andmalied dnt@itiefut the fAw
anomaly can conprise a foreign liquid in the flow material. For exanple,
wat er cafagesiaby gl@@tlmhaier%@fé%mwalh’mn%md%imulmemlﬁa&lﬂaen a HRWaridal y can

corvr ey Bual R P IES o M| Py T o o
punps, vabdtniess (iet,enombliesqirf theiffbvpihateeal i lngoliRichd ddvintagéous hibddsttatie
understood_that anonalies in the flow material can.include conbinations
of the gaad/orundesirable anomalies could be detected and quantitied in the flow material.
20 Anomaly detection could make possible the effective removal or prevention of such
anomalies or could make possible a desired level of anomalies.
An anomaly can comprise gas bubbles or air bubbles entrained in the flow
~ material. Examples are air bubbles in water or natural gas bubbles in an oil well output.
An anomaly can comprise a foreign liquid in thé flow material. For example, water can
25  exists in crude oil in an oil well output. An anomaly can comprise a solid in the flow
material. For example, the flow maferial can include pieces of metal that have broken or
flaked off from pipes, pumps, valves, etc., in a fluid processing facility. It should be
understood that anomalies in the flow material can include combinations of the gas,
liquid, and solid anomalies discussed above.
30 The anomalies can cause erroneous mass flow rates in a flow meter, among other

things. Tt is highly desirable that a flow meter accurately measure a mass flow rate of

the flow liquid even in the presence of anomalies in the flow liquid.
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liquid, and solid anonalies discussed above. 30 The anonalies can cause
erroneous nass flowrates in a flow neter, anong other things. It is

hi ghly desiw@hbeifoldt a flow neter accurately nmeasure a flow rate of
the flow liquid even in the presence of anonmalies in th‘égpﬁ%}m/?z&{??d 3

WO 2006/ 130415 PCTI US2006/ 020188 Summary of the Sol uti on The above and
ot her prS&bhmasy af thesSillwigeh and an advance in the art is achieved through

e B o 510 S5 g0 2, R LA ST ML

anomal y thidbugh theOWo IBIBIdf AetdrlcPthBFics bid RIEHdAR £ RECTRE 8 Flokwsandhity fed
according to an enbodi nent of the invention. The neter electronics

conpr i sesflew matrilf ace for receiving a vibrational response of the flow
materd al , w th the vibrational response ingl udi at le a first sensor
ST gnal “and" a Mg grirQiRdes ey Ry S e NG ok
comuni Gatdudh aWdwindetee id }f}bﬁiﬂé@-&ﬁ;orcﬁﬂ%tolﬁl BhOSESShiCF thy BiveRiidrs Tenfi gur ed
to receive the vibrational response fromthe interface and generate a

ni nety degeedegiase whiptises snomerfaee farreseiwane aibrefiqnehtespenge getherave at

| east one f.l.ow. racteristic usi.ng at |east the first .sensor signal and
the. ni ndrgetidhuf B BBkl boli% o iect B 50raht uSrliRer

conf i gurReoddseasyrRaial, thea ?FOCE@?@J sy@fteh fol dMmehiastaelwith Selifteffcat THeast
one anomaly profile, detect a shitt in the vibrational response if 15 the

at |dastproerssinp gystehas emigriedttp ceckeileltBe wibrationak isepange framythpigeifics, and

i ndicate_an _anonal.y conditipn as.a.resul f the .det.ecting. A nethod for
det ecti OO0 SHAS ek PR B BT Hrthersl T ARG sgrera e B et e
i's provisediae siritaektic s aeFRadhaBRt sésof ﬁgnéu Ve e Aety TBgreBBhiNed
conprises receiving a vibrational response fromthe flow neter. The

vi brat i othall. Thspwsssingrybtands frtheaconfigsed & dompete Senslsastoingila and a
second sensor sij.gnal .. The net hod further, conprise engrating a nipnety
degr e piaCRleghlif I piem xempPol: PYME ShieE TGN 1Ty EREREN AR oot
one f4 owhe belead oBE Dt dhathStehisti@tallk §aHin fR&NbinaB proARS &fid Bldal arand t he

ni nety degree phase shift. The nmethod further conprises conparing the at

| east ormnoflabmcatdiiancaserriestli of thedeiectingeast one anomaly profile, detecting
8 ZPUIC T R e B RS A LRSSl g
anomal y gelfistiréfde@gccardi@stdl dn edhbddiBestelf €6d inRehtion. The method comprises
receiving a vibrational response from the flow meter. The vibrational response includes
20 atleast a first sensor signal and a second sensor signal. The method further comprises
generating a ninety degree phase shift from the first sensor signal and generating at least
one flow characteristic using at least the first sensor signal and the ninety degree phase
shift. The method further comprises comparing the at least one flow characteristic to at
1east‘ one anomaly profile, detecting a shift in the vibrational response if the at least one
25  flow characteristic falls within the anomaly profile, and indicating an anomaly condition
as a result of the detecting.

A method for detecting a flow anomaly in a flow material flowing through a flow
meter is provided according to an embodiment of the invention. The method comprises
receiving a vibrational response from the flow meter. The vibrational response includes

30  atleast a first sensor signal and a second sensor signal. The method further compriées
generating a ninety degree phase shift from the ﬁrst‘Sensor signal and generating at least

one flow characteristic using at least the first sensor signal and the ninety degree phase

-~
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A nmethod for detecting a flow anomaly in a flow material flow ng through
a flow neter is provided according to an enbodi nent of the invention.
The net hod conprises receiving a vibrational response fromthe flow
meter. TheWABY4APP4Yhal response includes 30 at | east a FIWE20@E06E08
signal and a second sensor signal. The nethod further conprises

generati aTl : i {1 i - Si and
Gener at i paar T BERSaARAEEROBRRE Silrbliop HRHIGE: S S REDAREITLPR, ¢
sensor slegrtalgaamtbndie prifiietdetabagy eshifiliasiee villraVitn 2100£70h3O#A 1 at least one

PCT/ US2006/ 020188, shift. K The method furth conprises conparjnhg the at

[ east ondo¥ CEAAREdRLT Ve THhE gatanomahaitie. 38 MeraReItpegrBp g0t

det ecti ng A.-shi %ftt b Retbfigyovi brational response if the at least one flow
characteristic apls wthin the gas anonmaly profile, and incrementing a
bubbl® cAspects dfsheluwvention of the detecting. 5 Aspects of the Invention In

one aspect of the neter. electronics,, the jnterface includes a digitizer
confi gured toInd’P@PfHefE\ogtﬁEnéeéqsegerm@mﬁﬁé ef’quﬁ%ﬁﬁb‘f‘ﬁ%#esél BE®Tof the meter

el ect ronggioufel8o BIACARSAL BehsaYSEh@M i s further configured to iteratively
performthe recel ving, generating, conparing, detecting, and 10

i ndi cating. |Inapetheampttter tlasmetet cloftrdaties, thetpeocesbiag sysern ésiurthe f 1 ow
meter conpr.dses.a. Cariolis . flow neter. In t anot her aspect of the

mot or ol GEKIEBRR LS rerRHEely A oH B CE R ST D AR BT O HeTEE Dot or . 15
In ye§ apgicherg aspect of the neter electronics, the at least one flow
characteristic conprises a frequency response. |In yet another aspect of
t he meter el dotyebaiatiser aspeet af themasttr ebavgroficevthe Hawantter ¢@tprises gonpri ses a
phase difference response, and wherein the processing systemis further
confi gur 8”?15‘@%131‘??‘% t he phase difference response using the ninety

degree phase §hief fnomRd &1 bf iR inIENIUroficaNAt fodndefhEotggeed sensor

signal. In yet "anot her aspect of the nmeter electronics, the at |east one
f 1 ow chavibotieg idstsitometwnpri ses a phase difference response, and wherein

e Processing, syet em s Lk her, contiuredt o gener i second i ety
differ en@&nﬁrﬁ‘g%@&ﬁ%ﬁuéh%&@@spbﬁé. ni nety degree phase shift, the

In yet another aspect of the meter electronics, the at least one flow characteristic
comprises a phase difference response, and wherein the processing system is further
configured to compute the phase difference response using the ninety degree phase shift,

20  the first sensor signal, and the second sensor signal.

In yet another aspect of the meter electronics, the at least one flow characteristic
comprises a phase difference response, and wherein the processing system is further
configured to generate a second ninety degree phase shift from the second sensor signal
and compute the phase difference response using the ninety degree phase shiit, the

25  second ninety degree phase shift, the first sensor signal, and the second sensor signal.

In yet another aspect of the meter electronics, the at least one flow characteristic
comprises a sensor signal time delay response.

In yet another aspect of the meter electronics, the at least one flow characteristic
comprises a mass flow rate response.

30 In yet another aspect of the meter electronics, the at least one flow characteristic

comprises a density response.



25 second ninety degree phase shift, the first sensor signal, and the
second sensor signal. In yet another aspect of the neter el ectronics,
the at | east one flow characteristic conprises a sensor signal tine

del ay respb?sWo1i0diS et anot her aspect of the neter el eEETHATRE20185e at

| east one flow characteristic conprises a mass flow rate response. 30 In
yet anot her a&pegttanothet dspecteif eic rabtectlearinis, thelirdiaitidgeasiproaeintiicating
characteri s%i C conprises a density response. 5 WD 20061130415

PCT/ UB2066PB%088 n yet anot her aspect of the meter el ectronics, the

i ndi cati ng compyd Lngdi I . i - an - I aspect
of the neter g})j(’aéé? ??)trl%ibﬂ;%b&?tﬁg lﬂ%’n ?tgg%e%tg&é%ﬁgir%? é%ﬁgatlir%d?loc ﬁrﬁggﬁlagca?ggei gn
| i qui d anmdomign liguid mopetly.anot her aspect of the nmeter el ectronics, the

i ndi cating copprises_indicating a gas anonmaly. |n yet anofher aspect of
the néter el edtYdApeier %SH%CinﬁEi?ﬁ‘c@F‘iehae%t%ﬁ E@gnﬁhﬁm%qq%lsemdaaaﬁ%ubb| e
anomal y. ol ¥&imApot her aspect of the neter electronics, the indicating
conprises setting an 10 anomaly alarmcondition. In yet another aspect
of the neter & padtanothecaspedtivd thendeeratlecigomioyiiriisdisatingamaepresas indgating
anonal y count,. {an one Iaspect of the method, the nethod further conprises
i terativePVITRPPSARPREY  t he receiving, generating, conparing, detecting,
and indicatin t: : :
conprises a C%H’%tléfléﬂﬂ? 1?%%%%&@%%elg(tét{&gﬁségﬁé{rmg%t&ég%rﬁoéf&%gﬁﬁrrg %nod,

t he flDowamemely ataynpeong#®na vi brating densitoneter. In yet another aspect

of the nethod, the at |east e flow characteristic . further conprises a
frequency resEB"(‘)?"F'sté"PO1 ?Sﬁe?&%%ﬂﬁtﬁ‘é?le%‘f%% ﬁﬁlnélﬁ%m?‘ge?%}sef he at | east

one f'Owﬁﬁéﬁé&hﬁr@n%()ﬁlaf}%&lﬁ@r conpri ses a phase difference response
and with the genérating the at |east one flow characteristic further

conpri si ng coipond asgedtivé tiphasthod, thé erctnddurtes pongpeisesitergtitdieperfirmet gy

degree phase shjft, the first s.ensgr Si nald,. nd.t he second sensor
si gnal . the recelving, generating, comparing, detecting, and mndicating.
15 In another aspect of the method, the flow meter comprises a Coriolis flow meter.

In yet another aspect of the method, the flow meter comprises a vibrating
densitometer. '

In yet another aspect of the method, the at least one flow characteristic further
comprises a frequency response.

20 In yet another aspect of the method, the at least oﬁe flow characteristic further
comprises a phase difference response and with the generating the at least one flow
characteristic further comprising computing the phase difference response using the
ninety degree phase shift, the first sensor signal, and the second sensor signal.

In yet another aspect of the method, the at least one flow characteristic further

25  comprises a phase difference response and the generating the at least one flow
characteristic further comprises generating a second ninety degree phase shift from the
second sensor signal and computing the phase difference response using the ninety
degree phase shift, the second ninety degree phase shift, the first sensor signal, and the
second sensor signal.

30 In yet another aspect of the method, the at least one flow characteristic further

comprises a sensor signal time delay response.



In yet another aspect of the nethod, the at |east one flow characteristic
further 25 conprises a phase difference response and the generating the
at |east one flow characteristic further conprises generating a second
ni nety degrW%e2YKRA3¥1Shift fromthe second sensor signalpcand:@eiRutd NY

t he phase difference response using the ninety degree phase shift, the

second ni net y; degre hase_shj,ft he first sensor sjgnal.. he
Second sensorn AR Shle skt A3t RGOy AL AR AR ke
| east oneorhhrddas 6 hadsaElo®iratleshohst,t her  conprises a sensor signal tinme

del ay response. 6 WO 2006/ 130415 PCTI US2006/ 020188 In yet anot her aspect
of the met hodin Yehanethenaspent obihe methed, dhatdeaseenestiow chypetestic foghpr i ses a

mass flo te T S I n yet anot her aspect of the nethod, the at
| east ongﬁhﬁéﬁFgﬁggg H§§¥% Tc further conprises a density response. 5 In

yet agiot her akpetindtheldpedibr Heducthb® thdEitatihdgorEmiges ifxkstingdiseald Ny a
solids anomaly. In yet another aspect of the nmethod, the indicating
conpri sedq®@lycating a foreign |iquid anonaly. In yet another aspect of

the method, thed AGEALLDG CPTRISES ALGRLLN0 Aodan: iHBAN LYl N Ve

anot her aspec e he 1 ndicating stng 1n ng-an air
bubbl e ahqmdlayombly. yet anot her aspect of the nethod, the indicating
conprises setting an anomaly alarmcondition. 15 In yet_ anot her aspect
of the met hodn Xchantheli asneqt Rftheangibed de indicaipg pamprisca indieativgdl §as count .
Descq@pt&%ﬂnﬁ% the Draw ngs The sane reference nunber represents the sane
el enent on alf drawings. FIG 1 illustrates a Coriolis flow neter in an

exanpl e of thm yenvesthéraRped 0f tHe@etBo& imdivatieg cahpédin@idstiaganatti ng to
an enbodi ment of the invention. FIG 3 is a flowhart of a nethod of
processi APRIC 3e9i88Y- signal in a Coriolis flowreter according to an

embodi ment  of }'f.le? ah&ﬁ&rgsbg& of the method, the indicating comprises setting an anomaly
alarm condition. ‘
15 In yet another aspect of the method, the indicating comprises incrementing an
anomaly count.
Description of the Drawings
The same reference number represents the same element on all drawings.
FIG. 1 illustrates a Coriolis flow meter in an example of the invention;
20 FIG. 2 shows meter electronics according to an embodiment of the invention.
FIG. 3 is a flowchart of a method of processing a sensor signal in a Coriolis
flowmeter according to an embodiment of the invention.
FIG. 4 shows the meter electronics according to an embodiment of the invention.
FIG. 5 is a flowchart of a method of processing first and second sensor signals in
25 aCoriolis flowmeter according to an embodiment of the invention.
FIG. 6 is a block diagram of a portion of the processing system according to an
embodiment of the invention.
FIG. 7 shows detail of 4the Hilbert transform block according to an embodiment
of the invention. »
30 FIGS. 8 and 9 are block diagrams of two' independent branches of the analysis

block according to an embodiment of the invention.



FIG 4 shows the nmeter electronics according to an enbodi nent of the
invention. FIG 5 is a flowhart of a nmethod of processing first and

second senswo sjogi@kss in 25 a Coriolis flowreter accordi
enbodi nent of the invention. FIG 6 is a bl ock diagram o?egm%%ro?&oﬁ;sof

t he processing fg%/stem according to an enbodi nent of the invention. FIG
7 shows det ai | FB#. tthis abpwer speeengicosits blob ok aapielortli wgsarcignt! efBoiwent

of the inye F nd 9 are bl ock diagrans of two i ndependent
branches é"e%ﬁlglagnna S|C§c§ld ?)(%k according to an enbodi ment of the

i nvention. 7 VE(ZODBISIL&%LSHH’% HorGO6h B26Lk88ecokdife 14 Ghe Sirld ot shift
spectrum denS| ty Pl ot of a pick-off sensor signal of a flow neter under
nor mal coR@PPHIBKEL. FIG 11 shows a Hilbert transform bl ock accor di ng to

the siggl e phag SlQ' sfhz)ﬁzl ﬁg@&%%%ck%of ﬁg‘é}rgg%%ﬁ’lt%ﬁ@@hﬁﬁn@oﬁ%&ﬁ' s Dbl ock

for the singl e ase S i ment e sensor

processi ng of FI@E 1|3n§hewt KMseaﬁ)rcmme@E@doﬂtﬁe ihenfidr &y coatifared toheg piidt @, ti me
difference (At) value_of each is conpared. FIG 14 shows the neter
el ect r oni &éleré%ﬁna?Hgfeﬁ%wamhaéve@fr%e}disr%@?@par@# the invention. 10 FIG 15

|s a graph of ?(ﬁrlﬁ%‘l%%#l?er ﬁ%@ﬁ&%&rdﬁ?&ssa‘déoﬁdi 0 aﬁ@ﬁ%@érﬂb&d}x%l cHPYALg

spi kes in the trequency ow characteristic present anomalies 1n a flow
mat eri al , iisgation.as air bubbles. FIG 16 is a graph of tinme delay versus
time, wherein the downwar d Sfpl kes in the tine delay flow characteristic
agai n Pepr esent1Gnl Jah 888307 qfid fFquenqygRsnoase Y $1aps time, \me@m fhye

frequency ﬂ%?so?l'@ﬁ%frg%e%ﬂg ﬂ%%afag{ gn d#é?%/ég&;t ABhLd ACHA QD n%}ﬁrﬁa}l,&ucﬂ n the

f1 ow mat er ra requency versus
Speci fic GaybuybleSG for water plus entrai ned a| r. FIG 19 is a graph
of drive frequ%ncy versus SG for a SGrange O, 1-7. 20 FIG 20.is, a

flowchart of alHetiodamestphadiies deky wer ?‘1‘56W1%1ﬁ’6r?é¢19 thedoyywasd,spikes @rthel
flowing t Brough A el TBERL:AEERN A% 9n BoRAY BN W fladfae T nVvention.

15 FIG. 17 shows frequency response versus time for a smaller void fraction of air
in the flow material.

FIG. 18 is a graph of drive frequency versus fluid Specific Gravity (SG) for
water plus entrained air.
FIG. 19 is a graph of drive frequency versus SG for a SG range 0f 1-7.

20 FIG. 20 is a flowchart of a method for detecting a flow anomaly in a flow
material flowing through a flow meter according to an embodiment of the invention.
Detailed Description of the Invention

FIGS. 1-20 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose

25  of'teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. . As a result, the invention is not limited to the specific examples

30 described below, but only by the claims and their equivalents.

FIG. 1 shows a Coriolis flow meter 5 comprising a meter assembly 10 and meter

electronics 20. Meter assembly 10 responds to mass flow rate and density of a process

8



Det ai |l ed Description of the Invention FIGS. 1-20 and the foll ow ng
description depict specific exanples to teach those skilled in the art
how t o nmekgo3ng Y5 t he best node of the invention. Foﬁw%nﬁzﬁﬁkﬂﬂzf 25
of teaching inventive principles, sonme conventional aspecfs ave been
simplified or omtted. Those skilled in the art will appreciate

vari at i ongteriabnVietee sleclesanp? @ dohatctddablmeten askambly HE iz lspds HI0 tohe

invention, Those .skilled in the art will appreciate th he features
dosor beB g e ot Detiriseand Fevi s EERE L op s ebpan At tip bR
vari ati oBgher Rforhliioh RYERIdvaR: toABe Brefe@s iHventid A TR IR theteF@fuchirs t ed
to the specific exanples 30 described bel ow, but only by the clainms and

t hei r eqisideasrihetl althpugah it 1 appangst @ toeseiskilied it thevrhidpithe Brasepryesting a

met er . asse 10..and net.er .. el ectronjcs_ 20.. r assenb 10 responds
Lo e Fronoy BBl Eley bR depMlRad g Pl RRRERR e iR

PCl YUSZO@?a@ﬁfi)}lgl%vide?rd @briolMah e fRestiegni cs 20 is connected to neter
assenbly 10 via |leads 100 to provide density, nmass flow rate, and

t enper at ur e i Metsr asiembly b¥ &nclysies B pis of emitelds 18¢ andd h&y flangeo i Garidon not

rel evant the present,inventi . A Cordoli lo ter, strygture is
hoser rhedbSmrnEarhERsMet RIER Pb LBty pE PR (U 6T e o
present ifR¢RAEINONSE &apreBesdR@CIINC Bkl Afaiflofvddsdty ResdrtbROTd@mS 1 ToRet er
wi t hout the additional measurement capability provided b{ﬂg Coriolis

mass 19| oWlavetubes 1 Neansk 1395 hastervp cxeeniipldy siereghtanlpblers 631 arthl FlopetboutBo and
150", flan 10 d,.103' having f.l ange.ne 110, and 110" ir of
Soral | o HEOe OELEP St Otn B Mgl BRAE R R B0 upbit ol

sensor 1904 12ndFRvwpaibes D0 Ml 0 bahdse B8O EymhéRicarddatich8 RlonkAhdit Rnethubes
130 and 130" have two essentially straight inlet legs 131 and 131" and

outl et [Regarerssentplly naaticlosshews fhedrlgesth oReace dassatdy axdndp’ sevefttow t ube
ti . 120" . Fl 30' bend at t
o OGN Sy AR B AR 020, bend 2t Lo

t hr ogghout t h&hd siiengt 131 Briacendms4s 1 1401 aoe tdddd' 1 39endd 30 are deédine t he
axis Wand W about which each flow tube oscillates. 15 The side |egs

131, 131aiteahgd kailow 1y meyniinedipekgBeq andboGiaad iBse bigcks. fin kel aye fiaedlached
Fixedy “HeastRede BoMEhREERL L s B Rl s M RS Rl e Lail huous
cl osed naiehgaComsishmetbdseetgblyGar i ol i s neter assenbly 10. WWen fl anges
103 and 103', having holes 102 and 102' are connected, via inlet
When flanges 103 and 103", having holes 102 and 102" are connected, via inlet
20 end 104 and outlet end 104’ into a process line (not shown) which carries the process
material that is being measured, material enters end 104 of the meter through an orifice
101 in flange 103 is conducted through manifold 150 to flow tube mounting block 120
having a surface 121. Within manifold 150 the material is divided and routed through
flow tubes 130 and 130'. Upon exiting flow tubes 130 and 130", the process material is
25  recombined in a single stream within manifold 150" and is thereafter routed to exit end
104' connected by flange 103’ having bolt holes 102' to the process line (not shown).
Flow tubes 130 and 130" are selected and appropriately mounted to the flow tube
mounting blocks 120 and 120" so as to have substantially the same mass distribution,
moments of inertia and Young's modulus about bending axes W--W and W'--W',
30  respectively. These bending axes go through brace bars 140 and 140". Inasmuch as the

Young's modulus of the flow tubes change with temperature, and this change affects the

calculation of flow and density, resistive temperature detector (RTD) 190 is mounted to
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20 end 104 and outlet end 104" into a process line (not shown) which
carries the process material that is being neasured, material enters end
104 of the neter through an orifice 101 in flange 103 is conducted
through manifold 150 to fl ow tube nmounting bl ock 120 having a surface
121. Wt hi'¥? HEAi%13%d 150 the material is divided and rBGT/é’éﬂ'PW?Blfﬁh f1 ow
tubes 130 and 130'. Upon exiting flow tubes 130 and 130', the process

mat eri al flow t25e [HC,abbmiBAOUly Sreabutg e @inhHeRrdlor tHeflgwnibkole 150° and is
thereafter routed to exit end 104" connected by flange 103' having bolt
hol es 10PMaeEsOT Bhegdeys bejand hepes the welipge. appearwg actase shetBbDLAG2 130' are

sel ect eds ARl ARATGALKAN S DAL ol LDy HeaubliaR TBMRLIDG.Bl ocks 120

and 120' “so as to substarntia e sane ss distribution, nonents
of i nert passmgdhréoginglesiavotitk LT ha banperiarddapgndexe soloe \Apperdinglacrddl the30

respectively. These bendi ng axes go through brace bars 140 and 140'.
| nasrtichdd Brgsd %wglf Encumelioddy e %igﬁwnm@st? CRBIRGRSA 1o the
t enper at yppo. a0 LR S RitEGTI A ﬁ%%gez%% ?1??1 G Ay URaRieslih g%%ﬂﬂeg Vo

density, resistive tenperature D) 190 rs nounted to
2006/ 130%hpePCireUIHe GAID REb8Rectéd mwmetabeedtBics A0dbyclead i 9iiousl y nmeasur e
the tenperature of the flow tube. The tenperature of the flow tube and

hence the vol Pa loyp pidst 1 Hyange |0 are dsiyerbp drigpr 0 lﬁiQPEHSi_ 1eERepassi ng
therethr tQﬁngﬂ f‘d}le?r ﬁ%&fi@@%]nl&}’ngt D&s Ve IREHALHA Gt \gﬁatti??e I &l @kt oR2S1 N9

t hr ough ow t'ube e tenperature dependent voltage appearing across
t he 50 RTphass besdidg intoda ofvel flden omter m8hisatti ieymavhtiesmel 8@ at 4y0¢cunm g is2@nt 0

conpensate for the hange in elastic nodulus of flow tybes 130 and 130
due to afye eﬁ%@weﬂ %@W%W‘@I&ﬂ@gwnfseﬁﬁ&é}r%ﬁﬂl@g_nefrw&uﬁ?ét@ opdhbrebiletnd o

meter el 9&5@@&%@&1%%&@@%%&%%@ngh&w eﬁghlaﬁ%lt@ﬂﬁﬁ&g@%%%% driven

by driver 1 opposite directions about Y respectiv i ng axes
W and W pawsdd &ir wibrating isoth €lometdbésh eA kuitabie drine agnral i0apphiad by besti ng node of

the flow peter. This drjve mechani sm 180 conpri se any one of many
wel | knoffCBpRigh W%‘!lg%éﬁgﬂge@eﬁ%h%‘% rlTg‘%unt ed to flow tube 130" and
an OppOSi NG CRfdie TRIUALEES ’E@récgfb‘féfsé %Hé%gé%&nﬁggtg}ﬁg}ﬁ@ Qn‘{‘@dﬁl@s%hd the .

alternating current 1I's passe r vibrati 0 ow tubes. A suitable
drive si dgfadnd sgiapplociedsipyalsrepearing be ddade b Hs axD] 65K, aedpeatdvelBShieten dri ve

mechani sm 180., 15 Meter el ectronics 20 receiyes, the RID tenperature
si gnal ofFEEHCY PfOéH&‘fsﬂ%gﬁl\ree%lgnaiﬁapqarlaa@nkﬁd&ég_ﬁ9 35 AEMERLDiSEHH: ng on
| eads 16%@@%&@5% ahBPRECM Y& YectMREcE DO \g)%cg § B 18 5%@515 the

drive signal appearing on |ead f%S to drive enment 1
signals and the RTD signal to compute the mass flow rate and the density of the material

20  passing through meter assembly 10. This information, along with other information, is

applied by meter electronics 20 over path 26 to utilization means 29.
FIG. 2 shows meter electronics 20 according to an embodiment of the invention.
The meter electronics 20 can include an interface 201 and a processing System 203. The
. meter electronics 20 receives first and second sensor signals from the meter assembly

25 10, such as pickoff/velocity sensor signals. The meter electronics 20 processes the first
and second sensor signals in order to obtain flow characteristics of the flow material
flowing throﬁgh the meter assembly 10. For example, the meter electronics 20 can
determine one or more of a phase difference, a frequency, a time difference (At), a
density, a mass flow rate, and a volume flow rate from the sensor signals, for example.

30  In addition, other flow characteristics can be determined according to the invention.

The determinations are discussed below.

10



vi brate tubes 130 and 130'. Meter electronics 20 processes the left and
right velocity signals and the RTD signal to conpute the mass flow rate

and the d the material 20 passing through rret 10.
This inf om%op%?hﬁzlgl ong with other information, is ﬁ/g?@g@%{;er

el ectronics h 26 to utilizatjon _means sho met er
el ectronics %@“ aﬁ\&ﬂ'@é‘? g‘l%‘?éen% defrrungiich @qu??%fy%ﬁk?@ﬁﬁa{}ﬂn AT et er
el ectr ong68: 40 £8f: dGlHOS dABId0N Blah 366 8&&11@&910%5 R @E§PRE BY, BYShem 203.
The neter electronics 20 receives first and second sensor signals from

t he met e¢m1a@h1enbﬂ ;heaﬁla&d)dlffsmhe detepiiokiofif dndgho Geqyensg dstermigpgerais. The
net er el ctro s.the first and seco sensor s' nals in
Crter +otottS MerTed oRimraas Shn bt Pl die Semer Fiebil RafeR s Sy

through fbg %fe@ﬁ aY. ’ifgis afr@int @ﬁ@ﬂf GedubBEhBBl REs A LEHE %Hu?r%dzo can
determ ne one or re o a phase d| erence, a frequency, atine

di f f er enmeordeatty ,compu@ehcsﬂw charagagistids| énvamcah@ enzshodiraentotha pbadel ow r at e

f 1the sen . S| ddi.t f
char act o EFPES HCFBL Fam st NADE BEEuRarHa” R he IR ERBREn Fhe
det e 1 nabi, 0% 66 yssednleliow 19;:1R:2006/KI001G: POTHARA005/ 020188

The phase differencé determ nati on and the frequency determ nation are
nuch f astleractntitinnred otuantbe datetninet] natshdastérahaswohe dgoeati nati ons i n

t he ior art., In.one .enbodi nent, the se diff gre et erm nati on and
the T8 equency Rt GRS i e Ry R el BRF 2 hasd € 1 of
only onep&eRaP mIoaRa, thé‘"tr% by Hoermi@8Gord McoftliYg B the GAMBRGY cdnfer ence

si gnal . %hls advant ageousl y dﬁces the processing tine required in

or der t opgrtrpetien ahbttielagwl aﬁhlahsamnds (186 d%venlfmstmfmcjmemcyedfb@mmmm ist he

phase differ LS grive shifts both sensor _sjgnal s,
PhiTe ¢ neorhgecyhebTha o et PONFOmEp bint O Hesa S PE ST gAat Ty &
i ncreas e%ﬁ@&g@ﬁ&%@l@é’w@?aﬁ@f?ﬁQe§pbﬁé’¥ R 618, 'tFEé §&tma@ifraRRt fHccap be
determ ned nmuch faster than in the prior art. 10 The prior art frequency

det etdr nﬁmuwmmﬁﬁmmisy ﬂ&yfpnmaamqn 1tataekélelmatelsec@mnscﬂ2@ acpendingrtmthd n
contrast the fre cxt@ eter accordl ng to the invention can be
perforneHwFWOi’scaln oAU e gt 617‘? Even faster frequency

determ nati orrrlheslmeqe@& e0PtRbRes th‘é%@@é@)g'sﬂgﬁal%rﬁ ge by e ~AMite edtfsbgur at i on
of the processing system the sanpling rate of the vibrational response,

the filtér0lsanek/0R Yie ﬂatekcadrsalt(mmf Hlat &sThetnterfaae 205 camperf@mmanyf r equency
determ nati on rat ter ect roni&cs 20 accorgl tcto the invention

, . L
Con e, ittt fsitd Pl sPhafaRe Rt & o nheie of rithdihe

20  amplification, buffering, etc. Alternatively, some or all of the signal conditioning can be
performed in the processing system 203.

In addition, the interface 201 can enable communications between the meter
electronics 20 and external devices. The interface 201 can be capable of any manner of
electronic, optical, or wireless communication.

25 The interface 201 in one embodiment is coupled with a digitizer 202, wherein the
sensor signal comprises an analog sensor signal. The digitizer 202 samples and digitizes
the analog sensor signal and produces a digital sensor signal. The digitizer 202 can also
perform any needed decimation, wherein the digital sensor signal is decimated in order
to reduce the amount of signal processing needed and to reduce the processing time.

30  The decimation will be discussed in more detail below.

The processing system 203 conducts operations of the meter electronics 20 and

processes flow measurements from the flow meter assembly 10. The processing System
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The interface 201 receives the sensor signal fromone of the velocity
sensors 170L and 170R via the leads 100 of FIG 1. The interface 201 can
performany necessary or desired signal conditioning, such as any

mari ner ofW®a¥aaiMlng, 20 anplification, buffering, et®CTAISL®s/MAMSVeEl Y,
some or all of the signal conditioning can be perforned in the

processi ng3 s¥SLRILAOS: mbfe %%s%ih@'?@utfn@@aﬁ@ﬂl@fefbg oR8sks G &pabl e

comruni cati ons between the nmeter el ectronics and external devices.
The i nt enfeageeR@ls paordbetoqupdisk @nebr maye e gharagkristgdsect roni ¢, opti cal ,
or wireless c¢ 1rmuni cation. 2520;5;? i nterf ace, 20% i n one enbtodi ment iIs
coupl ed with a gV GFETIE YFER ~Uittap SPRPHHE? SLERE SHRSSE RAPPESdr i ses an

anal 0g s@i&eprosédndlsysithe a tb @t birdsl o2 Qdn Sl geslepdpg@bgé b &B%mikdte anal og
sensor signal and produces a digital sensor signal. The digitizer 202 can
al so Spepfasessingrieviveedéd preaskieg syotem Wieeasi e disieibdiedianwhg sandple signal is

decimated in order. to.reduce the anp of .si.gnal processjng needed and
to reduce s uisesi RS PitREsinggh FE Da Pnid i Ana e Bl BelBEs T,
nore det gidep@RleAVslectRBIPHOGES BieORinS ¥odL4R (BOStoeRRAYSES 20per ati ons of the
nmeter electronics 20 and processes flow neasurenents fromthe flow neter

assenbly 10. TheproskgsysigmsitStirensesses Mo RoUE R4 16 inRgisigze®rning10201
8 8 203 executes,one 0

( I _Nor.e processing r.out.i-nes.and thereb rocesses
the f1 owoihERBORaiRnE R PRI s ol TR gt uode 10 Thopee P e 1
char agt echghdt&Ssticd Bh RCREESPHAS Geleas, 2dRqaaMtyC QiRid Gfe@n&eMe),al pur pose
conputer, a mcroprocessing system a logic circuit, or sone other

gener al maspew refe, andéarcrdensity 105 thy ibewe switeipl.devexsepldhe processi ng system
203 can be distributed. a nul tiple processi devi ces. .. Th rocessi ng
Syatem 203 calh PhATRAGTARY e BpCsRaEsT i oPs BRrE AR Ll ectroni ¢
storage RB&hBstRY ERnPAGRS s8isef 88815 Y 50 8 204andkhe siRERGeAr Bignaly St em 203
processes the sensor signal 210 in order to determine one or nore flow

char act ephaseishs! 3 ohetmroesspispsysé¢mAEd cal determhige elgas thamrase difsvente

characteri sti can _include a phase. di ff.eren a equenc a t..me

i 11 dpenchd ot 1880 Yl PaRE Sely D 346 Gun e AR HhesF ol

materi al 218 0As @¥aR| Sithek A firfierQBdRd iphRAtshifeVansdrRRNAT @EESS 018 oFYisd em 203
determ nes the flow characteristics fromthe two sensor signals 210 and

211 and wpsreginngyldovseean pikgaignalshegebaspiiotessed By thpipsoqessise sxstang 28y st em
203 can %géo?éirmé ?oeth%timlze% 18}1 irE Qr%ep %adse?en%-ﬁgef aelgl%gg %ifference, a frequency, a time
difference (At), and/or a mass flow rate for the flow material.
20 The storage system 204 can store flow meter parameters and data, software
routines, constant values, and variable values. In one embodiment, the storage system
204 includes routines that are executed by the processing system 203. In one
embodiment, the storage system 204 stores a phase shift routine 212, a phase difference
routine 215, a frequency routine 216, a time difference (At) routine 217, and a flow
25  characteristics routine 218.
In one embodiment, the storage system 204 stores variables used to operate the
Coriolis flow meter 5. The storage system 204 in one embodiment stores variables such
as the first sensor signal 210 and the second sensor signal 211, which are received from
the velocity/pickoff sensors 170L and 170R. In addition, the storage system 204 can
30 store a 90 degree phase shift 213 that is generated in order to determine the flow

characteristics.
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15 and the frequency fromthe two sensor signals 210 and 211 and the
singl e phase shift 213. As a result, either a first or second phase
shifted sensor signal (such as one of the upstream or downstream pi ckoff
signal s) CHh2BE1PFScessed by the processing system 203PCHERBPUI?AEEt 0 t he
invention in order to determi ne a phase difference, a frequency, a tine

di fference (Al)one@nbbdimentths Stordgewystaie 0l gtoréhenefdranoreddtosr i al . 20 The
storage system 204 can store flow neter paraneters and data, software

rout i nes ShARSTsEAE ORANE@ SO Hogr Papveenvaiuekhe Yoraghay sl Hedlte, the
510t age BBbllen?Otkel ALUARCLANTILIGS bOALAL BRIECULEY, DitchlifipoFessi N

system 203. In one odi nent, the storage system 2 S§tores a’ phase
shi ft roatimesdiFd2ncea Aph2e adndsk dloenee 228patiensdy 228, aral £ vadgme oy na@ut | ne

216, ti ifference (At) routipe 217, and a flow 25 characteristics
routine %%.aﬂl teé‘ﬁ@%%’ﬁ%?%f‘?“ﬁﬁé‘aﬁ%l&r age system 204 stores vari abl es

used to operat ar ok f%}%ﬁ I : in one
enbodi nment st%?%]é&é%?l}q‘gtgi)g@i%lc ggﬁ % ﬁegof%le%{sgtg %gistr?%gffgg?g%a %ggl%ggghd t he
second seéasorn tieisgisal sizhdl, 2 Whilite phaee shéft edwiad 212 onond drebadment t y/ pi ckof f
sensors 170L and ﬁ_ﬂ)R I n flddi tion, (ﬁ]ge storage system 204 can 30 store a
90 degr eSMPRIERs gffifhertinamsionny (dissussehb?laf¥eéd in order to deternine the
flow charactetl StiCS:es : / 0}

erbodi mont 1 R Qs SR AT s AR e A e R SRR

char &@t e®0 sitgres piedst ahified 3t rAdditibreal idformativasan elye bt sisedlineordéras ag@psgst em

204 in one enbé)_d_i ment stores flow characterjstics such as a phase :
di f f er ends Pwge differenes  Bcphase fiffergnceiipanciembedipgpias camputed sromythgnss £ 1 ow

rate 223 e , r : i ned
fromt heﬁggr%g%r@ ?%Eﬁg{arlégé,zt ?ggghloﬁg\ép Sggggé%?\fwtl ’ %tgg?? gga%e giéésf glr?ltg?g 90
degr ee pHasédesimihtd pimsadififerpude cindeatored in.the phaza diffiereserP0rof shegstadag@10.

The phase shift routine 212 in one enbodi ne i npl nts_a Hilbert
transtor RY{Em SBts Shapier ﬁ@rewewgﬁag%ewwgﬁ%wgg?(ggﬁaﬁﬁéhétl%l %8P nes
a phage g'ialfcﬁl‘a#e@ 68 obS1HE G fﬁét&gt‘h%l 'm]tge ?Hmdf%r Bhis F&E&‘gﬁwﬁy d éritﬁc%?’-

Addi tional I nformation can al so be use n order to conpute the phase

di f f er endéferdive ipfiawenderf dppilieat@isihaviap &ighnfbod ratesdr wisere ambtiHplakefficorn t he

first sensor signal 210, the second sensor signal 211, and. the 90 degree
phase shiOF‘Em*ZiIB?ddltﬂ?et hassflifiegensh sarby Gft?%‘%ﬁg’é‘dé%er?dﬁg é{tﬂaﬁ' ‘fgaqqeﬁcsf he

phase di {Fefipn g&lsglzggﬂ)dfl 246081 Pr RRfeover, because the phase difference is

determined independently of the frequency, an error component in the phase difference
20  does not include an error component of the frequency determination, i.e., there is no
compounding error in the phase difference measurement. Consequently, the phase
difference error is reduced over a phase difference of the prior art.
The frequency routine 216 determines a frequency (such as that exhibited by
either the first sensor signal 210 or the second sensor signal 211) from the 90 degree
25  phase shift 213. The determined frequency can be stored in the frequency 221 of the
storage system 204, The frequency, when determined from the single 90 phase shift
213, can be calculated and obtained much faster than in the prior art. This can provide a
critical difference in flow meter applications hav'ing high fiow rates or where multi-
phase flows occur.
30 The time difference (At) routine 217 determines a time difference (At) between
the first sensor signal 210 and the second sensor signal 211. The time difference (At)
can be stored in the time difference (At) 222 of the storage system 204. The time
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system 204. The phase difference, when determ ned fromthe 90 phase shift
213, can be 15 cal cul ated and obtai ned much faster than in the prior art.
This can provide a critical difference in flow neter applications having
hi gh fl owpab@s3ens where nul ti-phase flows occur. | n PAddieI06A2018he phase
di fference can be determ ned independent of the frequency of either
sensor sjigazhc2dQ) &;mq’fﬂs%s SLMafaﬁam?yr theRRERMAR A RGN FR8d g%ftﬁeede%é}ﬁﬁnéds
determ ned i ndepenhdently of the frequency, an error conponent in the
phase diffdquertycend BOheemse wetl to deferdimedlre massdtovemiponent of the frequency
determ natio ig€. .. there.is n oundi ng error in the phase

di fference n&&]’oé’ﬁgﬁf?&e&?ﬁg%wgﬂ? ?@gg%‘h@e?ﬁﬁ%%m%‘?rf%ﬁﬁ ¢e error is
reduced QyectedisRERSEedidw E18NE&8 Biks tRInB LI QEarfiide thd B&effigGUSIEY outine
216 determ nes a frequency (such as that exhibited by either the first

sensor gliffershcay) and thhdetewtvedifrsquangy 281.gantxapply, it puder thecco@iplelyr ee 25

Do or *chee s iogd M L PubA St b S R w0 (R P pith S i e
si ngl e 90, pharguibd fdr thedd deteMRRafithsC flchs LeaATbveRkALN@GAHGHr T ast er

than in the prior art. This can provide a critical difference in flow
met er apphinpst i Brestldvavhangct¢risgias foudine 238 esn detemsiine @ magh tlow rpledsen theows

. 30T ti i f { i 217..det i i
G Tt er eries ARANE (b ans FHatr ke oRibs Phaf glreb e R e bedBomy
sens@  sixgnathedddnuld f@ deteiBirhd FREENER rhthhd givedh B, PhRhedol NodNept | e
di fference (At) 222 of the storage system 204. The tine 13 WO 2006/ 130415

PCT/ 1152006026188 andif iheerporated(rgin bynplefenes Shbwrsmilovaraty isriakated to
determ ned phase di.v ded by t.he determ ned. f jency,.and is therefore
used to BB e adi g e Et BREH M ERAP R uf0 & rout i ne
218 can gaiRfdMsASs B08ndT 1 FRNIJ RrnGaihe GbRfity DU GSd/of AR JdIdWe flow
characteristics routine 218 can use the deterim ned phase 5 difference 220

and t he wistZ25niThedletarmingd mngs oW, rafep dersitzinguiderolume Bedentetcan e gongl insh

th it | fl teristi .1t sh d t ood t

ddi £ ol T DPPeiFPoR egobay P adu KA o Has T o B AR S TR rsuch as
the massreblcouvdiat B QAN HetYow ERAracte AP e bd Bgnshlifvd Rhati@sielhRbd CS
routine 218 can determne a nmass flowrate fromthe tine difference (At)

222, andt the mesfierredectonies £he phase di fference 220 and the frequency 10
221. The for f.or .determ ni mass .fl.ow rate i s given i.n S ..Pat ent
o 5,027, 66315 3 it ppghiet 0] O HRER of PiicE i kel RS e lf or ence.
The massfd@Wef adRrdisy fdrpdmBsbdient of the invention. In step 301, the first and

20  second sensor signals are received. The first sensor signal can comprise either an

upstream or downstream pickoff sensor signal.

In step 302, the sensor signals can be conditioned. In one embodiment, the
conditioning can include filtering to remove noise and unwanted signals. In one
embodiment, the filtering can comprise band-pass filtering centered around the expected

25  fundamental frequency of the Coriolis flow meter 5. In addiﬁon, other conditioning
operations can be performed, such as amplification, buffering, etc. If the sensor signals
comprise analog signals, the step can further comprise any manner of sampling,
digitization, and decimation that are performed in order to produce digital sensor
signals. '

30 In step 303, a single 90 degree phase shift is generated. The 90 degree phase
shift comprises a 90 degree phase shift of the sensor signal. The 90 degree phase shift

can be performed by any manner of phase shift mechanism or operation. In one
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the mass flow of flow material in the neter assenbly 10. Likew se, the
flow characteristics routine 218 can also determ ne the density 224
and/or the volunme flow rate 225. The determ ned nass flow rate, density,
and vol urEoRdemsrat e can be stored in 15 the mass fl owcnatsend@dsst he
density 224, and the volune 225 of the storage system 204, respectively.
In addition,. the.flow characteristics.can.bhe tr m_t.t ed t.ernal

devi cesem}ggldl?lﬁlgt’ %t rde&reee ﬁfh?h&ji 1%?&%“&1 HEng g%gﬁ%e &%,%lﬁ%)?‘}% %6&%8% a

met hod ef digitelcResdriRgpnagnNsor signals in a Coriolis flowreter according to
an enbodi nent of the invention. In step 301, the first and 20 second
sensor si gnainsteprid4s aphpseelitlerepes is computsd s the gingle Wairgkshesse eit her
an  upsil.ga . t i ckoff s i.gnal st 3 . sensor
o1 gnal B0 RgucRRAR B RAGh PHEEh ke BRR3AMERE Rl O uBlsBRes Wb e

i ncl sideld drletegqbiodimém, the PaNSR differsBeead detdfiinbl Ednbihg MibtSendon sigAsl, the

enbodi nent, the filtering can conprise band-pass filtering centered
around Baendsepeen Benadsndimisingla P8 degice ghesehilof Thehasp Aifranse f | ow net er

o T b0 g SR A0 BRSO, £30, B DL MARgop i o

si gnal sdud thehsCefokasfdod it e Fileainp hser alympywer of sanpling,
digitization, and decimation that are performed in order to produce

digital sensbie resiljpaphasegiiiorancetis fetgmmnedwithpg the needdey reliptigsey shi f t
i . Th . hi f ' .9 h
oni 1 "orAbEtr U HAHEOTRELNRE pr ARl STREL RERLAD RH BPTP00

by any tmRAaghasfdiffbasce Sél&dlﬁtedfﬁﬁg%aiﬁf‘equmcypﬂﬁéaésiuﬁﬁ}g piasOfigfedechc¥hs
2006/ 130415 PCT/ US2006/ 020188 enbodi nent, the 90 degree phase shift is

per f or me 8regt¥ AgruEAE thiver phase difsTrenan calsplatastusing @ BRAUNGYt al  sensor
e oo T TR PR e BRLE T, L BATP e Bligl] B8R 0 © &0

degree phase ornmation inorder to

comput eistéaemﬁb%%aslgiicbﬁ@mwaqa)m tth dondegrR EROMifeMhe freigenphasendi f f er ence
is determned fromthe first sensor signal, the second sensor signal, and

t hel8i ngnbodjmedges thegiadgresnhpse syt anpigserrgsrondingrsgesor signprireies a phase
di fferepge,i | A - S i ff.. hat is
Ceon” aUBRP: RS BN ST BB e (el e TP LRSS0 e
resul ti pgqupnas ef eid dBhefes sérsofgbel Bha el sebddihsdrRgnaeest frequentiys

frequeng%/thetwo sensor si ially identical i i '

gnals are substantially identical in operation). The frequency
comprises a vibrational frequency response of the flowtube or flowtubes to a vibration

20  generated by the driver 180.

The frequency thus derived is obtained without the need for any independent
frequency reference signal. The frequency is obtained from the single 90 degree phase
shift in an operation that is much faster than in the prior art. The resulting frequency has
a greater accuracy than a frequency calculated in the prior art.

25 In step 306, a mass flow rate of flow material is computed. The mass flow rate is
computed from the resulting phase difference and the resulting frequency computed in
steps 304 and 305. In addition, the mass flow rate computation can compute a time
difference (At) from the phase difference and the frequency, With the time difference
(At) being ultimately used to compute the mass flow rate.

30 In step 307, the density can optionally be determined. The density can be

determined as one of the flow characteristics, and can be determined from the

frequency, for example.
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10 value in the calculation. The resulting phase difference can be

obt ai ned nuch faster than a phase difference cal culated using a
frequency. The resulting phase difference has a greater accuracy than a
phase diff &@MWee13045cul at ed using a frequency. In step BOBUSA0FR2e@EBency
is conputed. The frequency according to the invention 1is advantageously

conputed from fohe.9hdegreeRbase rﬁﬂ@ic%ﬁl opt &enl e ARl TR ofbene

enmbodi ment uses the 90 degree phase s and” t he correspondi ng sensor

si gnal fr 8ow rahicelbe Hefedlindé gs ewe piths 8owlhvhataciesi sty anechn behistdrmatpdency i s
a vibrati gnal resgo’ﬁse tfreﬁgr?n#:%.f one of .the first sensor signal and
the second Shs BESSIYRATe and e E]‘?Velﬁ%rieé‘éllnpbef the two sensor signals are
substanti al | y pideatsheRb tHemORLERE @I 20 RBold:BAY &R EYnboERIR S &R a

vi brational frequency response of the flowube or flowmubes to a

vi br at § oninveatiqpe ndreat agerthy/in dpenrdon with F1802 siirettersemeenteyenichngmbensi ved i s

bt ai ned withopt th d f. i nd dent _f fer
Signal . The fr bUUBREY EE Qe RRGbEABHORRESL e 36 Helisonadl? i 11
in an opepad iheRedoRdkedsdr BYal Fastige ﬁ?é@&iﬁg“sﬁ% P03 Procddsks thlMRstraggul ting

frequency has a greater accuracy than a frequency calculated in the
prior art sec@sd (digitt pyen306igralsRidsand|2dWin atder tf deti¢rovineraneee mbrei fove onput ed.
The mass f]low rate |.s omputed from.the resulti hase difference and
the resul EPREHTEGUEREY E ORIt e e P BrlSaRr 1 02T e el 11 o, the
Mass b OWchAhRerHOEPHALLIBAe & PRafMIHeBee a iiteBencd 4 iBlMFEhA (Af hOM t he
phase difference and the frequency, with the tine difference (At) being
ul ti mat el yassBev rafe,cotgpsity ankér aeoiintd Bew rate dor tBOflbw mmateral307, t he
density can.opiipnal be determ.ned. The densi an be determned as
one of 't he. 11 ol BhaPateBEnL LT Hhope e e RRET RS A

f I eqUENCY chi@iierRXREBbE: orkd MGWRORR(} 304415 PETAVSROCEHARO B ccl Rrshgp 308,
the volune flow rate can optionally be determ ned.” The volune flow rate
can be detsemahieluascyomeanirernérg ahtl ewithohtatha otet fos i esterrmh dreqeamcpe

deterpgined . from.th ss flowrate t he densit for example. FIG 4
O hous TS e et h Srhs | TR Proe i S S b G BT Bt e SHRe R derghce

i nventiongndhe fﬁhﬁ%&%ﬁnﬁﬂx&%ﬁéﬁs@ﬂsfé&aﬁb% asd share the same reference
nunbers. The neter eélectronics 20 in this enbodi nent includes the first

sensor signal Ad®as areviqusly degosed, ernstwagesiygienl 2(HstoreT hghpresbEbgiutige
system 20§1£ra0p%%s§es 1§fe;err]18e ;oiu[tf%% Z?E,da frequency routine 216, a time difference (At)
routine 217, and a flow characteristics routine 218. The storage system 204 stores the
20  first sensor signal 210 and the second sensor signal 211. The storage system 204 also
stores a first 90 degree phase shift 213 and a second 90 degree phase shift that are
generated from the sensor signals in order to determine the flow characteristics. As was
previously discussed, the storage system 204 stores the phése difference 220, the
frequency 221, the time difference (At) 222, the mass flow rate 223, the density 224, and
25  the Volumé flow rate 225.

The phase shift routine 212 performs a 90 degree phase shift on an input signal,
including on the first sensor signal 210 and on the second sensor signa1v21 1. The phase
shift routine 212 in one embodiment implements a Hilbert transform (discussed below).

The phase difference routine 215 determines a phase difference using the first 90

30  degree phase shift 213 and the second 90 degree phase shift 214. Additional

information can also be used in order to compute the phase difference. The phase

difference in one embodiment is computed from the first sensor signal 210, the second
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second (digital) sensor signals 210 and 211 in order to determ ne one or
nore flow characteristics fromthe signals. As previously discussed, the
one or nor gyl i £haracteristics can include a phasep%gms%o‘é/ﬁﬁﬁss a
frequency, a tine difference (At'), a nmass flowrate, a density, and/or
a volunme flowrate for the flow material. In the enbodi nent shown, the

pr ocessi ngeRYs sigrt1 203, e fisstMOrlegracimbasa Hift 2 bharddiceepend Wsdsgrenmhnty t he
two sensory, & ﬂ@alﬁle%je%rﬁg%d%%se cp'f ﬁ;?l% cdnl s@@r@g ir{ Bk tp?lQQ’e iﬁ;égeﬁEé@iO of
enent and W't ho

frequency neasur u e need for an external frequency 15
r ef er ence the gomle sykeen Po4 e psdvilgushy disans0 Jteghasediferdanoe valienl east t he
phase difference_ and the frequency fromthe two sensor sjgnals 210 and

211. As weStopREviysReghaiistisegond Reriresife @pdesaicpbedstistteinehhase
shi ft B'OUtrh&ng f?%éxfﬂé%lgigpf?§?§mdé&.f ‘Pﬁﬁ@ﬁ%g{f@%'a it} fdiff%m%%@ﬂ}lﬁ&wne&&““ ne

216, atinme rout1 ne and a ow characteristics
routi ne 2h8plidienshofiggegh fiotentc2®4 vdicor msltitpias@flofvs bedurs émsdditisi, gial 210

and the second _sensor signal 211. The 'storage system 204 also stores a

first 90 @%@%@éﬁfﬁwa%ﬁ‘ec@mefﬁtezlil@e&dad%?egé% ﬁgﬁgéreaéa%%fﬁh%%f‘éw@}ﬁlgqal% hat

are ener L bl r:m flcow
generabedqbi %SnMv?gf)v%te Be&usé 'tl%&ﬁlg& difreRindels defrifid 1H31é]fenaé}§l% 3584

characteristics. previ ous I scussed, the storage ‘syste

st or es t hehphegendy,zherrencenp@ent trhihe phase qlifferenyce2des nothemffer frondirf frerence
(At) 2@2 the mass flow rate 223, .the density 224, and 5 the val une
f1ow rdt e 9PPONGHE! FiFAEQUSHYFdeisraingtion, Haahpes BY RRMBOWHIREHFYdD fitase
shift on ' j P ncl pdi ' : i nd
on the sedsid BaeeBt ook eSh BN, IR kb APt F5 et
enbodi nenta phapd éiffereinse af the lplier trtt r ansf or m (di scussed bel ow). The phase

difference routine 215 determ nes a phase difference usjng the first 90
30 degree phas (Lerhéf %eﬂyenﬂ ZouHY Z1Relelrding adtr ey das §i%at§ﬁ§”fbﬂte§ 4.

Addi t i onal .. i : I . j I hase
eithkithe gﬁ&%&&@aﬁg@l%é% % 45&H éeﬁ%cg 3%%51 éﬂ)%ﬁ?ﬁ{eﬁf‘%rg[?bf p

di fference. The ase erence i n one e Irent I's conp romthe
first 1Senstepresiphasl shitiDl3 drdueths eecond 90Gleie 2OEE/ShFOAND PETddidr820461020188
sensor signal 211, tbhe first Qg degree {Jhﬁ%g shift 212, and the second 90
degr ee phafsiueagy; g be sigredipdheiieayaicnéd! phis slogtgerypeRce)4e ahPIs¥INsIEr ed i n

e phece diflasense i el shbeistarate s ement e ot aushy,
second 90 ¢qahas ealshiafeti and obnirded madhcfabtat than antle pibaamedhissanpodvideast er
L e L s n S B R, S B T 3 SRS )"
met er pp gmg

20 phase flows occur.

" The time difference (At) routine 217 determines a time difference (At) between
the first sensor signal 210 and the second sensor signal 211. The time difference (At)
can be stored in the time difference (At) 222 of the storage system 204, as previously
discussed. The time difference (At) comprises substantially the determined phase

25  divided by the determined frequency, and is therefore used to determine the mass flow
rate.
The flow characteriétics routine 218 can determine one or more of the mass flow
rate, the density, and/or the volume flow rate, as previously discussed.
FIG. 5 is a flowchart 500 of a method of processing first and second sensor
30  signals in a Coriolis flowmeter according to an embodiment of the invention. In step

501, the first sensor signal is received. In one embodiment, the first sensor signal

comprises either an upstream or downstream pickoff sensor signal.
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applications having high flow rates or where nulti-phase flows occur. In
addition, the phase difference can be determ ned i ndependent of the
frequency Qfg sagagRs0or signals 210 and 211. Moreover, pbgealdsshfae Phase
difference 1's determ ned i ndependently of the frequency, an error
conponent in the phase difference does not suffer froman error 10
cormponent of tRSEN YRudsSycastsenser signpldareceived. In ppregrabodimprd. hgHeeRMdI ng
error in fer :

11 er encerar A Coflb S LAAGS (RASHLETTE bpr R RAAUER plon SR RS
The frequemeyite ofithe Hest2dfmsodipaslim nes a frequency (such as that exhibited
by either the first sensor signal 210 or the second sensqr signal 211)

fromthe firstngep A5, Hegeeer pigaale camps onshitiongdy In pre grbefigedloMegr ee
phase shi 14. The : j r ‘ r [ frequency
221 of §t héegns(,i %2[ g)D?lén e&glylg(t%elgné %%ﬁ%até rg@ﬁﬁ‘gﬁéﬁc?ﬁ %ﬁ%&@sﬁ%@#hﬂeﬁ Feq uency,
when det esmbochehit; dia filkeeingfcan sdmarisk smdgnds Slerpipasephiobsly discassedbén

cal cul at ed, and ohtai ned mych faster than in the prior art. This can

provi de a2ddatign, ogher ceﬁfgﬁq@}%e%erﬁtwrmcawbﬁeﬁ proggdppuchas 2B figaiatg hi gh
flowrate . e I~ o : T, J I rence (At)
rout ne. 21 GaRer o Aol B0 de e e B el 8 SR ] *Censor
si gnal 216&mamiketdng nsmonef saepling, Bitination? add dddimatidrmthaidhirt Herfemesl iGAL )

can bg stored in hesdéi_ differ]i??gce (At) 222 of the storage system 204,
as pr&Vi ofideyto ypducs<Uaity! senser $1gRAls-di f f erence (At) conpri ses

substantially 1@%@%}?%@&% d@g%%?h it 18%26,[ at %e%%te)brﬁe@leeg phase_l_he

frequency, and is't ore us o determ e mass flow “rate.

f 1 ow char gdftebmptisessa 9bddgrerepti2dSsidfinf det fsniensoraipnabr TP edepfred plaserass
flow rate, the density, and/or the volyne flow rate, as prevjously

di scussedShifticaq be peidorgied Ry gy Apnnspel Pec wgwrdwe@rﬂoarg%@%%?rﬁ@%ﬁ% and

second Sefsaly o3 ShalAlS I e HaLs géihgﬁyifqéﬁgﬁggfoaﬁ,cgge%ﬂg bougR

enbodi nent of t irnvention.” I'n ste irst’ sensof sig
recei V&d. sdnsormignadnbodi ment, the first sensor signal conprises either an

upstream or downstream pi ckqQf f sensor signal. 17 2006/ 130415
PCT/ LS2006/ 020416#P 14y 858495 §9 degivs PSates @@é’?&?)"@ye\gi graresadPddeiFgd. I n

one STbo gty iy 66000, S0t ARl AL ol SR o
si gnal ). 90 degree phase shift, the 90 degree phaée shift can be performed by any manner of
mechanism or operation.

20 In step 506, a phase difference is computed between the first sensor signal and
the second sensor signal, using the first 90 degree phase shift and the second 90 degree
phase shift. Additional information can also be used in.order to compute the phase
difference. In one embodiment, the phase difference is détermined from the first sensor
signal, the second sensor signal, the first 90 degree phase shift, and the second 90 degree

25 phase shift. The phase difference comprises a phase difference in the response signal,
i.e., in the two pickoff sensors, that is seen due to the Coriolis effect in the vibrating
meter assembly 10. |

The resulting phase difference is determined without the need for any frequency
value in the calculation. The resulting phase difference can be obtained much faster

30  than a phase difference calculated using a frequency. The resulting phase difference has

a greater accuracy than a phase difference calculated using a frequency.
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In step 503, the sensor signals can be conditioned. In one enbodinent,
the 5 conditioning can include filtering to renbve noi se and unwant ed
signals. In one enbodinent, the filtering can conpri se band-pass
filtering, as@feyizous! y discussed. In addition, other CR@HB&%&Q&@&S
operations can be perfornmed, such as anplification, buffering, etc. If
the sensor signals conprise anal og signals, the step can further
conpri se any makrigsp BY, sdiegliensy,is eomputed: at heoicquagney arserdiag fodhe trvantian e
performed in order t cedigital .s r.si;gpal I t 504, a
first 90 d(lasgardggehcza eé)gglys? ﬁl%pg {elgg}j(bnéﬁ er%tﬁe .d eesl%a?%%hq@@n gbersggénp ase

shift conpdégespiasObhidednedrdanass ishhé tmbbditdest ddek e Hedgese Hagnglift The

90 degree phase shift can be perfornmed by any manner of pechani sm or
oper at i on. arhtheserespepdingsaasor sighel fogn e Bpdegree Rhase shit isderivgidred

. b ‘ £ or. . L . |
tep 505 AT LealhPOE SLf@RE Rl BRLE o A AR e B B0R By

degree phageeshidisenepRiphabEse feQRndegsrie phasmsshdifialofretshisstagrund

sensor signal. As in the first 90 degree phase shift, the 90 degree
phase shi f tdegHenl Brogsaatiasy md&e BRPaBFFY samAEses 3fvibigt ena AfegHensy rejnensa ¢idhe 20
In step 50 i I he first sensor

si gnal andﬁoﬁﬁggggﬁgﬁ%h%%ﬁég?ﬁgﬁgﬁg%ggﬁgﬁﬁgt?ﬁé”?%ﬁ??'90 degr ee phase

shift and the sthofickRocydgraeriv@hiasbtagied vithoddthetneed &lr dnpfimicpadidean can
al so be used in order to conpute the phase difference. In one .
embodi ABnt fregpacy rdssnen siged edbe fiequensy és ohtaBed Hponihe HE dewties phase §Biis
signal, the se . ' fl . r ' ..and
he second 8" agHish R Y, el Mer A idd Hlor 3R S ERIRIERELRLY b £
phase di f f greafe acduradyhiRarl £ pqusey shigilaled in thegriorant. t he two pi ckof f
sensors, that is seen due to the Corjolis effect in the vibrating neter

assen?l y 10. ThE fesift® prepspilaverats dforenasiplis gempriaindde mash8at refsds
Tt er once SEpiERERte (ARG ibed AL EM A O Hion Lot b AIARS

cal cul ated sips 5 andf J0Fq U RGYitionhhe rasufidw Age papetatdoh tar emymitdasimea
greater accuracy than a ghase di fference cal cul ated using.a frequency. 18

WO 20061130 igerpetaUEmn spdiffergncepndhs dreauency r wib dicime Sifkaesst ed.
e 1 eaTey RSB, 6.k IF AP, el podtignt eacously comuted from
In step 509, the density can optionally be determined, as previously discussed.
In step 510, the volume flow rate can optionally be determined, as previously
20 discussed.
FIG. 6 is a block diagram 600 of a portion of the processing system 203
according to an embodiment of the invention. In the figure, the blocks represent either
processing circuitry or processing actions/routines. The block diagram 600 includes a
stage 1 filter block 601, a stage 2 filter block 602, a Hilbert transform block 603, and an
25  analysis block 604. The LPO and RPO inputs comprise the left pickoff signal input and
the right pickoff signal input. Either the LPO or the RPO can comprise a first sensor
signal. _
In one embodiment, the stage 1 filter block 601 and the stage 2 filter block 602
comprise digital Finite Impulse Response (FIR) polyphase decimation filters,
30  implemented in the processing system 203. These filters provide an optimal method for

filtering and decimating one or both sensor signals, with the filtering and decimating

being performed at the same chronological time and at the same decimation rate.
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degree phase shift. The frequency in one enbodi nent uses the 90 degree
phase shift and the correspondi ng sensor signal fromwhich the 90 degree

phase shi ftwhsogesoyied. 5 The frequency is a vibrational, response. ..
frequency of one of the first sensor signal and the second sensor signal

(the frequencies of the two sensor signals are substantially identical
i n oper atAlamativelye therstagie dnidlyer doegkr 604 emd she/stagead filberdilodly eueancpmpeisponse

f th f I i j db he dri )
o P A B RO e R SRR B gl 120

i ndependembwevkd) if dRUMEROhdeRERIEERgBIrdNRking PRRefke AR BEMItéEngobt ai ned
fromthe 90 degree phase shifts in an operation that is nuch faster than

in the pramgodiprents apeortenplatehend s gidmtine feepef th desceptieand @@pst han a
frequency cal i.n L ofmart. , flow rate of
f|om,ﬁ%teria|%?§EZ§%hJV§%QF?ﬁ@e%QgﬁﬂhF%§£F§?§R¥§%§€8nﬁ§?%30950n1the

resul ti ngenvageerdiof fiRrigngeioandn tHeeniteslithédt RBovl, eBt BByt GanguiredidcR 15
steps 506 and 507. In addition, the nass flow rate conmputation can

conput e ®iindudnstarldi@ heaach ZPY apd a MPCherapeha ). ditierld?@ pesch il insdudes a
f Y I s i i f . bei | ti el
[ auenon el bIFy T, ALLEEEDERLabohl RS LR YR en,

det er m neiglcludss IR0 aelsl YidtkSuSs gakallell witls &€ RPOier biekvabumef/pow rat e
can optionally be determ ned, as previousl 20 discussed. FIG 6 is a

bl ockl Ui atpiamliedo’Wrand thoREOotelar blopke b i@@éé@qeﬁgm@;iag émay93Thell@r ding to
an embodi &E?@i 018k idlearfd'ﬁ{eegggo%gaﬂpﬂo&% f t'hg}égcgr sEBG 1B t%& Rrp%o&ligﬁeﬁm

ei ther processing circui rocessin i ons/Foutlnes. € bl ock

di agr am 60ghall sehpleeateare shid@6lokidalll t@er ibltiaekh&Qhe LROSIAGEPQ diditat Spndl ock
602, a Hilbert transform bl ock 603, and an 25 analysis block 604. The LPO
and RPO i yipunles thas s iilsesed b thedk RO diliekbipek 202ymng the REQ Tilierbloelndl 2 et

pi ckof f sj | -l Lher e C i Jirst
Censor o natet DRY ro ANl Res bR DG R SRR B R« e

stagel2 ﬁbbh@mu&i@gkmﬁ@%mlgﬁﬁp%gse digital Finite Inpul se Response (FIR)
pol yphase decimation filters, 30 inplenented in the processing system

203. These fi ItheddlhsrtdAnglrablopt 60l adeitvbn tp oroviding thapge and =
doct et Bl PRSI RaPLATA af HhBegl o bRt i 9,
rate. 19 MO THED6iAI04dbp&EanhldS0 06028 EEGm. The Hilbert transform produces 90
degree phase-~shifted versions of the LPO and RPO signals, i.e., it produces quadrature
20 (Q) components of the original, in-phase (I) signal components. The output of the
Hilbert transform block 603 therefore provides the new quadrature (Q) components LPO
Q and RPO Q, along with the original, in-phase (I) signal components‘LPO land RPO L.

The inputs to the Hilbert transform block 603 can be represented as:

25 LPO = 4, cos(ax) (2)
RPO = A4,,, cos(axt + ¢) 3)

Using the Hilbert transform the output becomes:

30 LPO,y, = 4, sin(art) @)

Ipo

RPOhi[bert = Al'po Sin(d)t + ¢)] (5)

Combining the original terms with the output of the Hilbert transform yields:

20



Alternatively, the stage 1 filter block 601 and the stage 2 filter block
602 can conprise Infinite Inpulse Response (IIR) filters or other

sui t abl e di gybabosfibdsters or filter processes. However, i I
understood that other filtering processes and/or filteri ﬁgTéﬁg@ |2no1s?§ts

are contenplated and are within the scope of the description and cl ai ns.

5 FIG 7 shows ai f the Hil t tramsform bl ock 603 accordiNg to an
enbodi nent of tﬁzgéi n‘J\ll”é Pls(gﬂ.ﬂllglnn(?ﬁké[lﬁbeodi nent shown, the Hil be¢6?

transform bl ock 603 includes a LPO branch 700 and a RPO branch 710. The
LPO branch 700 RPGHugfcos(wr bRP+dehay +ah)peki, ;0T n paral lel w th7a LPO
filter block 702. Likew se, the RPO branch includes an RPO del ay bl ock

711 i |1 el it RPO fi.l t. bl k 712. Th PO 10 d b k 701
Tod e S werEitsh P sido REmbe iEkamn il e Bt Enden 6F [1R5oRhaRE,
bl ock 701 @ik §ineucRRAiobay AliRRlnd brianaloe. sob eskiytPElARd0RR N

digital signal sanples that are chronologically later in tine that the
LPO and RA@adisigie af thsiftgaadncy sdifijstestiak phase, ané délid T €48 dndayuement. HOG. Blis er

bl k 702 d the RPO filt . bl k 712. h LPO filt | k 7 dth
PO 11 ¢ rBroR ok bokLiebip S5 s TP deainiya e MBSt b By ool
di gi tal sijgnMass@mlefiadbige ) Q@ﬁ?oﬂe’hﬁen %G:f ] LekucbO3phision 60U Blar St ep

to providing the phase neasurenen The Hil bert transform bl ock 603

recei Vids tdeerfriiheserfeafjueneciromiteelintp@se Hhdandpr@dsiteeads camgopants of aingle
Hi | bert transform. The Hil bert transform produyce P80’ d? reg )
phase- shi LRI DR} ofe THEIE Eispitenil GBIy LPOisignal 4 Sty e
quadr at ur €164y RIRPRE HeR1h S‘tgiggl.ori gi nal, in-phase (I) signal

conponents. The output of the Hilbert transform block 603 therefore
provi des the ndwthpenbetines ((GGedrtho nhase poited 60dr ahtheRRAYYs bhdakrf4wi t h

th i ginal, .in- i PO.I and RPO |... .. The i nput
Lo the b I BEREeDREERO e S OB SR BR i A0arh BAne® Ty S o Do
cos(a)ts) (@bck STl ¥iolk 805, a'pHale dndle bIbEE Big5.t he Hilbert transform

the output becones: 30 LPOhil'bCTT = A190 Sill (&t) 84) RPQbi | berf = A, pO
smwt + 0)] (5)TheGomiiledksg0i hendB86ldi ngadive bothin-phash (HradouedgaturefQt he

Hilbert tr st AL YEEhdRor $8n 8 dnd RadIRGH 1302 Sl BR2R 58294 8Brmms
complex conjugate on a sensor signal (here the LPO signal), and forms a negative of the
imaginary signal. The complex multiplication block 803 multiplies the RPO signal and

20  the LPO signal, implementing equation (8) below. The filter block 804 implements a
digital filter, such as the FIR filter discussed above. The filter block 804 can comprise a
polyphase decimation filter that is used to remove harmonic content from the in-phase
(1) and quadrature (Q) components of the sensor signal, as well as to decimate the
signal. The filter coefficients can be chosen to provide decimation of the inputted

25  signal, such as decimation by a factor of 10, for example. The phase angle block 805
determines the phase angle from the in-phase (I) and quadrature (Q) components of the
LPO signal and the RPO signal. The phase angle block 805 implements equation (11)
shown below.

The phase portion 604a shown in FIG. 8§ implements the following equation:
30

LPOx RPO = A,poe“j(“’) X ARpoej(wH‘ﬂ =4 xA4 ej(fwt+an+¢) (8)

ipo Rpo

where LPQis the complex conjugate of LPO. Assuming that:
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LPO = AP,[ [cos(cot) + i sin(wt)] = Ape cO0(6) RPO=Aya|[eos(w +
0) +i sin(wt +0)] =A",;, e, (""O (7) 5 FIGS. 8 and 9 are bl ock
di agrams of two i ndependent branches of the analysis block 604 according

to an enpagig®nQf the invention. The anal ysis bl ockp@fésioesdigs fi nal
stage of the frequency, differential phase, and delta T (At) neasurenent,

FIG 8 is phase portion 604a conprising a first branch that determ nes a
phase difference fromthe in-phase (1) and quadrature (Q conponents.
FIG 9is a ﬁ&eﬁuﬁadﬁAportion 604b that 10 determi nes a freqﬁﬁncy from
the in-phase (1) and quadrature (Q conponents of a single sensor

si gnal .hdhe single sensor signal can conprise the LPO signal, as shown,

or can alternatively conprise the RPO signal. In the enbodiment of FIG
8, the phase_portion 604a of the analysis block 604 includes join blocks
80la and 801bPOa REchi udet’e =i’ pak(¢862sin@)conpl ex mul tiplicati @) 15 bl ock
803, a filter block 804, and a phase angl e bl ock 805. The join bl ocks

801a angh, 8QLhb Egﬁigf\f&tg% s%%ﬁ@%%e (1) and quadrature (Q conponents of

a sensor signa pass e The conjugate bl ock 802 perforns a
conpl ex conjugate on a sensor signal (here the LPO signal), and forns a
negagi ve of %Qq Jin@@fi¥hary signal, The conplex nultiplicatio 1§l ock 803
mul tiplies the Rb @k@al and 20 the LPO signal, inplenenting' guat i on
(8) below. The filter block 804 inplenments a digital filter, such as the

FIRfilter di ssed. above. The filter bl ock n conpri.se

pol yphase decitrgt'? 8??1?0 Idt‘aeg}raqlﬁg? ﬁieguea’scg(?O?Ebonr@%\fg%?faﬂ?gﬁfscﬁ%%ﬁ%nt from
t he i n- phosBng {olthe ARGNAGRAITIE #ER1h&) pGABP 608NES Perdibien SENG e BRANAl , as

well as to decinmate the sh&pal. The filter coefficients can be chosen to

provi deriglégiiviet’ Hgnad(LPAeor Ridlt (The fizquericywartionstih iathermehadimesn by a
factor of 10, fqr exa e, e phase angl e. bl.ogk 5 determn he
phase angrd prbfits SEA RIS oL 3 PG ARG o g salRhER B S e
LPO si gnadmpRd ni8pIREG0S bieR1004, el hasek T30k ghide 6 kleHcki gvsl gment s
equation (11) shown bel ow. The phase portion 604a shown in FIG 8

i mpl enepenstanhelotlePPbwindg divjsianibénsk 9080 LPOx RPO = Af,e-1("0 X ARPoe
ot 2R B it TS P S R SR SR0U R © O PO
quadrature (Q) components of a sensor signal and passes them on. The conjugate block
20 902 performs a complex conjugate on a sensor signal, here the LPO signal, and forms a
negative of the imaginary signal. The delay block 903 introduces a sampling delay into
the frequency portion 604b, and therefore selects a digitél signal sample that is
chronologically older in time. This older digital signal sample is multiplied with the
current digital signal in the complex multiplication block 904. The complex
25 multiplication block 904 muitiplies the LPO signél and the LPO conjugate signal,
implementing equation (12) below. The filter block 905 implements a digital filter, such
as the FIR filter previously discussed The filter block 905 can comprise a polyphase
decimation filter that is used to remove harmonic content from the in-phase (I) and
quadrature (Q) components of the sensor signal, as well as to decimate the signal. The
30 filter coefficients can be chosen to provide decimation of the inputted signal, such as
decimation by a factor of 10, for example. The phase angle block 906 determines a
phase angle from the in-phase (I) and quadrature (Q) components of the LPO signal.
The phase angle block 906 implements a portion of equation (13) below. The constant
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AROO = ALPO = A (9) then: 5 LPOx RPO= A2 ¢ "~ = A2 [cos(O + i sin(O]
(10) The resulting differential phase angle is: 10 =tan-'r sin( i (11)
COs FI G 9 iwoaokhenaks di agram of a frequency portion 604k 9f lysis
bl ock 604 according to the invention. The frequency portiCorllIS%@%ﬁg%n
operate on either the left or right pickoff signal (LPO or RPO. The
frequency Yokt $rsugplis & factonecmptisng asample Bate Hodivideddiyusieizesjsbovin i ock

901, a co conj t l o 0 a.sa i ng .bl ock 9 a . I
i 1 1§ oat o8l KPR RIS Fo 05, ReRBIE e ety o SR 68
const ant bl ock 19@ Hreqastbyapodtion 6040 inlaedats208 folksving eyiaest y di scussed,

the join block 901 receives both in-phase (1) and quadrature (Q
conponents of a sensor signal and passes them on. The conjugate block 20

902 perfornms a _,9(5rpl e nj_ugat ewan se@sor ,.Si gak,, here the si gnal ,
and forsfms a neg%t|@'éx)g#%ﬁ€ ‘igfwﬁgi na?%“’@el gnél4 ”"ﬁ?e del ay bl ock ;@@

i ntroduces a sanpling delay into the frequency portion 604b, and
t her ef or e Bl angleshetvetingiwoadonséogtiat samgrigd ie theheforet s chr onol ogi cal | y ol der
intime. This older digital signal sanple is multiplied with the current

digital signal in the co IS a)znl"!v}' |ication block 904. The conpl ex 25
mul tiplication di-ask Q%%H-el]t he LPO signal and the LPO (@8pj ugate
signal, inplenenting equ PP%W(‘S@Q_)) bel ow. The filter block 905

inmplemgnts a digital filter, such as the FIRfilter previously discussed

The fil terwﬁk@ﬁ&h@%ieﬁ?ﬁ‘ecﬁﬁﬂw bE@e RfPOLY-BIAT®nvERRLWBHLON filter that is
used to renove harnonic content fromthe in-phase (1) and quadrature (Q

conponents of the sensor signhal, as well as to decinate the signal. The
30 filter coeffjflpgi:e@i?s_&aj_%g‘ £l chosen to provide decimation of the)

inputted signal, such asT decimation by a factor of 10, for exanple. The
phase angl e bl ock 906 determ nes a phase angle fromthe in-phase (I) and
quadr atur ewhégy “Egrip drantesofahe Hileert Bahssorgnislbck 60helnphasearapiglpesvidusk 906

i npl ements _a portion of equation (13) below. The constant 22 WO

2006/ 1304143800320 d6MP2024812 bl ock 907 supplies a factor conprising a

sanple rate F, fgviged, ;péﬁvér%e&fum Q&S@BW of A pick-off sensor signal of a flow

meter under normal conditions. The fundamental frequency of the flowmeter is the
tallest spike of the graph and is located at about 135 Hz. The figure also shows several
20  other large spikes in the frequency spectrum (the first non-fundamental mode is the twist
mode at a frequency of about 1.5 times the frequency of the fundamental mode). These
spikes comprise harmonic frequencies of the flowmeter and also comprise other,
undesirable sensor modes (i.e., a twist mode, a second bend mode, etc.).
FIG. 11 shows an alternative Hilbert transform block 603’ according to a single
25  phase shift embodiment. The Hilbert transform block 603° in this embodiment includes
a LPO branch 1100 and a RPO branch 1110. The LPO branch 1100 includes a delay
block 701 in parallel with a filter block 702. The RPO branch 1110 in this embodiment
includes only a delay block 701. As before, the delay blocks 701 introduce sampling
delays. As before, the filter block 702 performs a 90 degree phase shift on the inputted
30 diéital signal sample. It should be understood that alternatively the Hilbert transform
block 603° could phase shift just the RPO signal.
This processing embodiment uses the Hilbert transform/phase shift of only one

sensor signal in order to derive both the frequency and the phase difference (see FIGS.
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equation (14). The division block 908 perfornms the division operation of
equation (14). The frequency portion 604b inplenents the foll ow ng
equation: 5 LPQ(n-i)x LPQ(n) = A poe-i(L_i) x Arpei(v) = A2 poeAd~-W, 3
(12) Th@vcamgls/asolnst ween two consecutive sanples is theceUsnes/osns(w -
W -, _, =tan (13) cos(wt - wt-1) 10 which is the radian frequency

of the t i : 14)
2.1 15 %hé LRl ey PR B e T soplappShecaba o BRENEERBL 1 (e
exanpl enpaevemneslayd sighSicastertduddsshie msmbdreftodpltdrondhddded b otsain thrower
spectrum gr“dﬁsmy pl ot of a pick-off sensor signal of a flow neter under
nor mal PV &#HE. The fundanent al frequency of the flowreter is the
tall est spik : 1N gure

al so shows s@\}gi;sa?r{bgsgﬁ&ﬁ%@p&rp Sgoéstg[g%@gﬁtﬁra?ﬁgﬂg%%ggggw 1;»11 §¥1ffl%m (the
firsst ndm—@wmdmﬁe@)adommﬁhenﬁdehther theviledit or righd eersbr sighdlebuternclothf lrmbout 1.5
tines t frequ y of the findanental nmode). These spikes conprise

har noni B‘equéﬁﬂgﬁ%?f% ﬂéﬁLPQél ng%ﬁr@?%ﬁ’rs hifted al so conprise ot her,

undesi rabl e sensor rmdes (|. ., a tw st node, a second bend rmde, etc.).
FIG 11 show?{ g)n glter ive Hilbert transform bl ock 603 acg%rdi ng to a
singl e p g P “Ehbodi nent. The Hilbert transformblo )603' in
this enbodi ment includes a LPO branch 1100 and a RPO branch 1110. The
LPGIbranch 1kp0 + ncldides +a)del ay bl ock 701 in parallel with@pfilter

bl ock 702. The RPO’branch 1110 in this enbodi ment includes onl y a del ay
bl ock 701, the del ay bl ocks 701 introduce sanpling delays. As
before,%ﬁ’@%ﬁ‘?ﬁ%?ﬂﬁ%%ﬁrmﬁé@e ?}gtp (he58ME5°90 degree phase shift on the
inputted 30 digital signal sanple. It should be understood that

al ternativel yPthe, H dhem(onransf orm bl ock 603" coul d phase §Mi)ft | ust
theRPO signal. This processing enbodi ment uses the Hil bert

t ransf orni ph shift of on one sensor signal in order to rive both
t he frequenczﬁ}g)ndgtﬂhe %F{ s‘@ di fference (see FIGS. fb%

Combining the LPO original term with the output of the Hilbert transform (i.e., with the
90 phase shift) yields:
20

LPO = 4, [cos(wt) +isin(wt)] = 4, e’ (30)

lpo [po

‘while the RPO stays the same:

5 €2y

Hatsd) | ,=iat+h)
RPO = 4, cos(t + §) = A,P{e e }
FIG. 12 shows the analysis block 604a’ for the single phase shift embodiment.
The analysis block 604a’ in this embodiment includes one join block 801, the complex
multiplication block 803, a low-pass filter block 1201, and a phase angle block 805.
The analysis block 604a’ in this embodiment implements the following equation:

30

Jor+g) - f{ot+¢)
LPOx RPO = 4,,e™/ x 4 {e e } _ o ¥ Ay |
o rpo

ej(—a)t+wr+¢) + ej(wl+mt+¢)]
2 2

(32)

The low-pass filter block 1201 compriseé a low-pass filter that removes a high-
35  frequency component produced by the complex multiplication block 803. The low-pass

filter block 1201 can implement any manner of low-pass filtering operation. The result
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WO 2006430415 PCT/ US2006/ 020188 2-3). This significantly reduces the
nunber of conputations needed to performa phase neasurenent and
significantly reduces the nunber of conputations needed to obtain the
mass 1 owMOA08e/ 130415t hi s enbodi ment, the out put of the MITBERHIG/RIENST Or M
bl ock 603" will provide 5 the quadrature (Q conponent of either the

| eft or
signal i
0) (27)
A 1,3 si
ori gi nal

i : i | t he LPO
o P AlonhRRon pRc B Btk 1L CLPE B AT RBlrdtkes 1 7%
anUsinmgifiek ¢o kiphdzerdnly Paesd GridC redult) oirigeuhe bedpaekthe (BPQtermsbe, ., =

28 15 O=A1 : + 0 29 Conbi ni t he LPO
C%f\éﬁ %—‘ﬁlﬂ(}& qtﬁert%lé 55% isifet fatff ﬂﬁgﬁéﬁ'ﬁfﬁé i g‘éﬁéin%?)otreﬁ%( E'P: .rt's'@%%, thg te h the

90 phas %'re'ﬁbéﬁc?)e S}g'&%l tHS resal 1B Os i Hr B ?&rﬁBS{hQ%%h+%’edil(e§r§:£é2$ﬁt)¢J@):tetﬁl PRe’ ~

(30) while't

stays the sane: rre~{nr+

RPO=APOtbes¢mbwd@l) ZAr"dnly signdl 31 inter2§ HeteGs ti2DEHenns ThehighdtegserscyliPotk 604a’

for the

i.ngl e asg shift odi nent,. he an sig, block _604a' in this
enbodi me) e PGS TGRE! PUich 1 GE. BOHE 2 9HG PEB I THRERCS 0T LRIPEN bl ock
803, a | @RSTah b iRhtchlAFKnhdePliwRRYe Maase angl e block 805,  The
anal ysi s block 604a" in this enbodi ment inplenents the foll ow ng
equat i on: 30 AfeDfiltesng dheresulels{ coy) Al oo X ARya | (-nt+nr+d) J(ea!rntk)
LPOXRPO=Af aae xA,PO e 2 ~e +e (32) The low pass filter block 1201
conprises a lowpass filter that renoves a high- 35 frequency conponent

pr oqldced by tﬂeof%lze}fzemlL%I[Ciog%mgm@}nock 803. The | ow pas(§3>

15

20

25

30

Therefore, the differential phase angle is:

_ .| sin(d)
¢ =tan {'—_—cos(gb)} (34)

By taking the Hilbert transform of one pick-off signal instead of two, the
computational load needed to perform phase and frequency estimation in Coriolis mass
flow meters is advantageously reduced. The phase and frequency can therefore be
determined using two sensor signals, but using only one 90 degree phase shift.

FIG. 13 shows the sensor processing of the invention as compared to the prior
art, wherein a time difference (At) value of each is compared. The chart shows a flow
material including a gas flow (i.e., gas bubbles, for example). Under this condition, the
flow noise is substantially reduced in the new algorithm because of the rate of phase and
frequency calculation. It can be seen from the graph that the result derived by the
invention does not display the large peaks and valleys that are reflected in prior art (At)
measurements.

FIG. 14 shows the meter electronics 20 according to another embodiment of the
invention. The meter electronics 20 of this embodiment can include the interface 201,
the digitizer 202, the processing system 203, and the storage system 204, as previously
discussed. The interface 201 receives a vibrational response of the flow material, with
the vibrational response including at least a first sensor signal and a second sensor
signal, as previously discussed. The processing system 203 in this embodiment is

configured to receive the vibrational response from the interface 201, generate a ninety
25



filter block 1201 can inpl enment any manner of | ow pass filtering
operation. The result 24 WO 2006/ 130415 PCT/ 1JS2006i 020188 of t he
rrultlpllcatlon operation produces two terns. The (-m + 2@*‘%1 rm
cormbi nes Y4hi'¥1XpPifies to a phase-only 0 term (a DC?%@HT’ZPWO ce the
(-(ot) and the (cot) ternms cancel each other out. The (nt + cot + 0)

si npl i f i ésgreecphasq bitrondhetfestmenat stonklcmdidenerafera drastnane. @i nce the resul t
isthesmo 2.ter.ns, the high frequenc ot . + term.can 5

removed. © {%HPWE‘P% IRCE B AR A EliR R R B A A Sﬁlae
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anyvvher eaStmw.e@aiuy dmuﬁsmhd’r Perpropéssiog system OB nyfurthisecondigutad tosompare
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needed to perform phase and frequency estimation in Coriolis nmass flow
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is conpared. The chart shows a flow material including a gas flow (i.e.,
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that are reflected in prior art measurenents. FIG 14 shows the
met er el émtrad‘mq@snczf(reawm dIrrrgletemt@domdmé;rthemmImmmbly)ﬂO thmprisasvent i on.
The mate

i t hi t the interf
201, "t GO B A0S Bt 030 fbbrreatet g ne et Gy dRGobHEor age.

syst ¢5n Z%raﬁg derEnes! y 30 discussed. The interface 201 receives a
vi brational response of the flow material, with
The meter electronics 20 of this embodiment can store and execute processing

routines. The processing routines in one embodim;nt include a vibrational response
processing routine 1401, an einomaly detect routine 1402, an anomaly indicate routine
1403, and an anomaly alarm routine 1404. It should be understood that the processing

20 system 203 can include other routines, such as the routines that were previously
discussed.

The meter electronics 20 can include variables and working values. The meter
electronics 20 of this embodiment includes a vibrational response 1410, one or more
anomaly profiles 1411, an anomaly condition 1412, an anomaly alarm 1413, and an

25  anomaly count 1414. It should be understood that the processing system 203 can
include other variables, such as the variables that were previously discussed.

In operation, the meter electronics 20 processes a vibrational response that is
received from the meter assembly 10 (see FIG. 1). The vibrational response can
comprise a time-varying electronic signal(s) that is substantially continuously received

30  and processed by the meter electronics 20. The vibrational response can include first

and second sensor signals, such as signals from the pick-off sensors 170L and 170R.

The meter electronics 20 can process the vibrational response in order to obtain one or

26



the vibrational response including at |least a first sensor signal and a
second sensor signal, as previously discussed. The processing system 203
in this enbodinent is configured to receive the vibrational response
fromthe WOR6A3dE 201, generate a ninety 25 WD 2006/ PBOASH06/020188

PCT/ 1JS2006/ 020188 degree phase shift fromthe first sensor signal and
gener at e.flo racterd sti.c i_ng: t, .t first
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shoul d B HBEr 3l BRSO IASERSHAGANNEHTY S ZR%:E8R0 (! ude ot her

routines, suc i nes at were previ ussed. The neter
el ect r oavaikbRQocase ih DiHet deterainbadisesichng ivbe khog alvadeteesion ibwrdivg er

el ectronics 20 of _this enbodi nent includes a vibrational response 1410,
oneldr HsriavenigpnBrgause Bre flevs characterisigs eadhraiupsienndlht ngianteneopslyan anonal y
alarm1 : 3 : I ood t hat
the. pr oogiunAEE B0ndie R IELY SR S, gl A el BN IRERURON, |

vari abl es t h@ihe yhealPcavinolislk ¥nhiselisS it andror Gpebiet inihe flokemartigl

el ectronics 20 processes a vibrational response that is i
The anomaly can include a foreign liquid in the flow material. The anomaly can include
a solid in the flow material. The anomaly can include a two-phase or multi-phase flow
20 material.
| The flow characteristics will change when an anomaly passes through the meter
assembly 10. When a significant anomaly moves through the flow meter, the meter will
experience an instantaneous shift in frequency and a corresponding instantaneous shift
in mass flow if the density/specific gravity of the anomaly differs from that of the flow
25  material. The frequency of the meter assembly 10 can increase with lower density of
the flow material (such as when entrained air is present, for example). Conversely, the
frequency of the meter assembly 10 can decrease when high densities are present (such
as when pieces of metal or other solids pass through, for example). Likewise, a density
of the flow material can be used to detect anomalies such as air bubbles when the

30  density characteristically decreases. For air bubbles, the frequency of the flow meter

increases with the lower density fluid and the mass flow decreases due to the low mass
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received fromthe neter assenbly 10 (see FIG 1). The vibrational
response can conprise a tine-varying electronic signal(s) that is
substantially continuously received 30 and processed by the t,(jer

el ect roni%¥€ 2%/.130#% vi brational response can include 1"#@{5200&&2{9 ®¥econd
sensor signals, such as signals fromthe pick-off sensors 170L and 1708.
The net ef aehizdubbni tsaditianthqpriase differdiee widipatinonalayces ponssl ton order to
obtain gne or .26 , 2006/ 130415 PCT/ US2006/ 0201 SS nore flow

char act %ﬁegﬁu&g.&mq{ﬁ 18ne or nore flow characteristics can include, for

exanpl e, a fFeQUBNGY diRANSRequRnBREForEE 1E0hLMas, WRiWRaR: egnaar signals,
a density, a nmass flowrate, a volune flowrate, etc. Oher flow

char act épikes incthe fiequanen tlewpthatasteristic repagsentydnpohiakics men Bowpeaterialtsueh

description.and claing. The vibrational .respons i ncl udi ng, .5 .any

det oPn gt LBeEREPER e T &t B it EERET peaiet el 8 Yan be

used by vihea filatvath RhieCisBRINeH Mitetinl, OXidBis 4 Rsa8heabg@hcaRoaRY 137 t he

flow material flow ng thr(())ggh the flow meter. The flow characteristics,
[

when dettlr niheadetasisagmblid Odilegl veithoair gxlbitpheesenasih it geency @ epouwrddsd above,

b i ckly obtained, . i t to th i o, .art.. Mo , the 10
( Fow chaPadt 631 & 108 BEHhiscertit erhinrat e serahi i Pieh et ¥ibous! y.
Ot her f l@ie:C RS R&eL lab §ldi @S CANHB Sred 84 RK ThiRES %ffe%ﬂgirm@bfeg gaHdeReUgrand t he

phase difference. The deterrinations of the flow characteristics can
pr ovlde tesmietenassdmblyold ddrinedbe Emegreried of tietpsanie afheywidtis o beachpibass f 1 ow

h istic d i.nat i . .ad . ilable f i
otner adPeTAfats ol B PSR 1 R FE AR RS W by B 850 B 036 "
the i nveRd neftr aBReHBUSH). t TR dvlepie Fhahatdy@blrSlateg S0 BB oS B BMNfitR | Y

i nstantaneously determ ned, anonalies in the flow material can be
qui ckl y fhndistaeseur Bhethpngiestin dtequency Thereiproreaml be relited tadhagetastaneaisned

gas/air and/or.bubbles in.the flow material. The anomaly can include a
forei gn dl%flﬁﬁ'i %ftﬁﬁq“hg’%fi?eo@\?wa&rfailﬁre%e anomaly can include a solid in
t he 1l ow mat engal 6 is Egasnermhy delan vemed tele Wwhdrvithhasenhrdiyikel ipfase
flow 20 material. The flow characteristics wll change when an anonmaly

passes timodelty floe chameleristissapairhlepresent aplisomalysh gd flow anrteréimhobe y noves
th h the fl. t th t i || i 1.1 nst hi ft
' TroqEerEge B RGP OH g P RECEHER B0 OO LI PN OBt 1 1 ¢ he

densi t yloﬁﬂ%;ésfiﬁ @My (e OF tifnR QIR QBBldsehichk €dnSthe FRakéMiats) of ad lie 1 ow 25
mat eri al . e frequency of the nefer assenbly 10 can increase with | ower
densi t y habble passes through the meter assembly 10. The changes in time delay can be related
20  to the instantaneous mass flow of the multi-phase flow stream, and can be used to detect
an anomaly in the flow material.
FIG. 17 shows frequency response versus time for a smaller void fraction of air
in the flow material. Even though the void fraction is lower than in FIG. 15, the ﬂoW
rate is the same and it still takes about 100 ms for an air bubble to pass through the
25  meter assembly 10. From the graph, it can be seen that six air bubblés have passed
through the meter assembly 10.
'FIG. 18 is a graph of drive frequency versus fluid Specific Gravity (SG) for
water plus entrained air. In the graph, the value of SG for air is zero while water has a
SG value of one. It can be seen from this figure that the Specific Gravity can be used to
30  differentiate between the flow material and the anomalies in the flow material.

FIG. 19 is a graph of drive frequency versus SG for a SG range of 1-7. Solids

have specific gravities greater than the SG of water (i.e., they have SG values of greater
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the flow material (such as when entrained air is present, for exanple).
Conversely, the frequency of the neter assenbly 10 can decrease when

hi gh densities are present (such as when pieces of netal or other solids
pass t hr oligR%6flgM1exanpl e). Likewi se, a density of tRETUSHA/MUSrial can
be used to detect anomalies such as air bubbles when the 30 density

char act gfzh Y. B84 EantfS SRBFRS-an T oPdrbulLPbirgs drivélﬁe«frl]de@a:;dem:ﬂuﬂfwi&}he f1ow
meter increases with the lower density fluid and the mass fl ow decreases

due to SRV dnyniesly appni\83 350 dhesdareswhears ygxboeh @ Zdffgent dspsignthan r
bubbl e. itio t he. pha difference and/or ti [ e used
Do 0ter et i pa s IR SR A rhed WIFQATE B EALDE 48

versus Ueteted Bheticinbtet Blectiarad. Isphkese bnwhiee ad thequengytetbomd steel
characteristic represent anomalies in a flow naterial, such 5 as air

bubbp es as theanpmely mateeal tie meterrwowd ereraisi a |35 Hran dke abppreeerd@bdr assenbl y
10, whe 1l ed,wit h wa as t fl.ow.mat erial xhi.bits sonant
oo Bt el Ry HowPS ol WiTRICRE [lony B Plchts 33 EE D

exhibitasﬁmrﬁﬁﬁqﬁgksm&@qgﬂm@hxg&gﬁummy158 l-1z. It can be seen from
this graph that the nmeter assenbly 10 1s filled nostly with water.

However, as FThelmek gtpcagnieh2 ¢ sqsipnibhiat dle avppfaleendifion BBBhas pass

t hr ough. S Uk t e i f ph. The
i di - oidit e B BsE G n S Tl PR P S R b MU
takeg f @ie onaly albth bl €3 that @asRriohh ouditiatk Remeel@hetssRbRaly Hddlidhe
average frequency correlates to the average density of the fluid stream

The chafigBinei propessquaivsificatinay ditemecteraiedienics|24tcan sukpeqrmntly dBeremezineous

ti e oor b RPLERO ) RAEP alod TR SU AL BAARTbodBu il TRb Bl T,

f1 ow chaerefi@], irsditfiongahing, et @i@nkrealiscanRtah orddéthie béloovmmat eri al . The
average tinme del ay corres;l)onds to the average mass flow of the fluid
stream SNbectidrevite hgrilpaechpr 2000ef & 29- (i . e., a tine del ay decrease

bet ween the i%o&ﬁ%%q{nﬁgrsl%%d %}T@e&gﬁg};&%t%ﬂgfgsszﬁ)gﬁfdgt%%gg’gB’t118&‘?}4%5{08 r

asseibly 10. e changes in ti can

I nst ant apeesstheRigatdraespordsbieApulrtsuttpthaseetéd Qvstehics@mMcaangecan be used
to detect an anomaly in the flow material. FIG 17 shows frequency

r es pons @ngispligsgluringwpergtion otha eseeialedi pw metari dhe ofetejolectiopics A e ow
N RN S VAN E N
t o pass ovbr@dghs {4eus anomalies pass through the flow meter.
20 The vibrational response processing routine 1401 receives the vibrational
response. As previously discussed, the vibrational response can include first and second
sensor-signals that reflect the response of the one or more flow conduits to a drive
vibration imposed on the flow meter. The vibrational response processing routine 1401
in some embodiments processes the vibrational response in order to obtain one or more
25  flow characteristics of the flow material. The one or more flow characteristics can
include a frequency response, a phase difference between the first and second sensor
signals, a density, a mass flow rate, a volume flow rate, etc. The frequency response is
inherently related to the flow of flow material through the flow meter (as are all of the
derived flow characteristics). The frequency therefore varies with the mass flow rate in
30  the flow meter. The frequency also varies with the density of the flow material. For

example, where the flow material comprises a liquid, entrained gas passing through the

flow meter will cause the frequency to momentarily spike up to a higher frequency
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25 neter assenbly 10. Fromthe graph, it can be seen that six air bubbles
have passed through the neter assenbly 10. FIG 18 is a graph of drive
frequency versus fluid Specific Gavity (SG for water plus entrained
air. In tHOYUPHISthe value of SGfor air is zero whill /9\%{)%&)2?}5&’5 a SG
val ue of one. It can be seen fromthis figure that the Specific Gavity
can be usée, toth8Mnads fif the dluw atter bepyerhas the vidratenahtespirsk isiethpotieily

anomalies ip the flow materjal.. FIG .19 is a graph of drive frequency
vor sus -Sesrigt e R Gategel Siprcieg pimbRa e By Fralhrkont PSS  ont or
than t hejifzente Mad8lindtlons; the hRRY cRANENISD Y dl@Se @ hinSn8Bdsah thedGoW¥and
2006/ 130415 PCT/ US2006/ 020188 than 1). For exanple, steel has an SG of

around 7canFhistantialle irfstantansnusly déteet thd ariagnakies.hIn Bi@itiory thesmetgpeleettdnjcsar ound
83 Theref ore en a solid wwth a different densit han the flow
mat o] al ABoe0 SRPaTE: FE Heboms Y sEHED: EhagR N hF SRRt hat can
be detect ed 1 ahbRaRRleRct BhRBE 1900 BSord@mbodih&f ceaparlihdvabrkioga the
flow material and steel 5 as the anonmaly nmaterial, the nmeter would

oper at e IgspongPtoHt lgant erteeangbebnerefilst14dn (digensaed Yelowhelfthevibmbtiopalf | ow
characterjistic.wll . ooye downwards t rds 83 Hz e st eel l'id
paoses cmstgnidth iR i SOURRAORe oM GHE% B e bwhliflr a8y s
subsequed&érﬁli@@tthatt@gaﬁ@@g@liyomﬁé,i on 1412 that indicates the
occurrence of the anomaly. The neter electronics 20 can subsequently set

10 tHe anomaltheahamalylindBatetrattincad0par by embedingit et an aomalnemmdéionof
anomal y ling routine, .process,. qr notification. The.neter electronics
20 can’ sUpdtaret it R ot disaliaby ins B Bareiots oGt o t he

det ect edoRRBRY f @R HHohi 00 SIn oHR@nAdRAIRNY, thél Sh@Rill MMicdtOehgiabiiaos al ar s,

and count are discussed in nore detail belowin “~conjunction with the
f 1 owcharincizogotsdhe Mogalpoout34i4. shoul d be understood that the neter

el ectronics can iteratively r ive an rocess .t he vibrational
Fesponse. as Heratmab i e ) B Fe o AT EER rbieley Bhoiari es
during opgBatiiheAnéhally@args SOGI ah PErfoinPW MBS anylMEnkERLE bn@hA¢ hhdies 20
can substantially continuously performthe anomaly indication, alarm

and counltoutilﬂ@@w@%ﬂs or poteficatione as vari ous anomal i es pass t hr oug_h the flow
R I e N N AT
Ch0 ! A A SR OB RS0 O it St dggonse of
storage, such as a circular queue, for example. The vibrational response 1410 can
20  comprise digital representations of an analog electrical signal received from the meter
assembly 10. The vibrational response 1410 can comprise sampled portions of the
electrical signal. The vibrational response 1410 can include first and second sensor
signals and can further include flow characteristics derived from the first and second
sensor signals. For example, the vibrational response 1410 can include a frequency
25  value (i.e., a frequency approximation or estimation) that is derived from the first and
second sensor signals.
The anomaly profile 1411 stores one or more profiles that are used in order to
detect anomalies in the flow material. Multiplé anomaly profiles can be included where
multiple anomaly types are desired to be detected. A stored anomaly profile can include
30  any information that enables an anomaly determination.

In one embodiment, the anomaly profile can include an anomaly frequency

profile. The anomaly frequency profile can comprise a frequency threshold that is
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vi bration inposed on the flow neter. The vibrational response processing
routine 1401 in sone enbodi nents processes the vibrational response in

or der too%#ﬁ¢£13€ﬁe or nore 25 flow characteristics ofpc%zgdda%lggat erial.

The one ow characteristics can include a frequency response, a
phase difference between the first_ and second sensor signals, a density,
a mass fIo%e pRbdow anespesied fowmateied freggency Theragtedsfifent et @§ponse i s

i nh [BYSNE : £l f fl '
(as- o o. " Erf S Eel® AORA N Rl SEURRLF T ol W dDBaleney

t her ef or eccudencess ddtedmihdetonexss. llemiatiadle, inandhet fabddimentyeicamomthe
frequenc};r/ al so varies with the density of the flow nmaterial. For
exanpl e, Iregeney rrrBlefqap womREs? ¢ Aleqeennp rangss The PRefunly resHencyi et Gis

o ko op LR fench BTN Sl SERT E de B b BB S
val ue, awheheherdilsational tdypofidedywimirethe diansly drduascytragge tHehahiago@bly

response is tenporarily |ess danped by flow material. Therefore, by
enpl oyi neFCHRBIRAS HeteanediagKisind hpAaaBALY diefrencyiareeran e speratis bribe t he

cubst ant it oY RVANERLHR GRinRR T LR, E: SRyl U o2y By

met er el @ag¢ ounitespbeiflOtd dpsviaelaepiodichen hatued Gas ioecrudo ol fokostregmndi ti ons
canoafantifg the anomalies. The anonmaly detect routine 1402 in_one
medid B

enmb Fster slecrprioy, 2 therafespan defesinshigal gas babbles #sthe side aflonal v

file 1411 i I I r-ati | i thi
Phe anomal'y proPtPAosarr oo il BRI g sbppanggyl® o Wi
det er m ngsfitdafheano@alyrnmhplitude @oGie dah hgcluddanTipnap amblituda direstibRi ¢srout | ne

1403 in one enbodi nent sets an anonmaly condition 1412 (discussed bel ow).
The anon#ll $homd @aplduderangse The anomaly pwpliudeithigshodd/snge Ran cyeRiferdence of

 nor omont e (R DR FRE D, e (A AR U R RbP RS %I 1 one

i ncrenents e anonaly ¢tou alarmrou e

enbotl nethe asemhsly tahplianiethteghalli/@gnge tan dhidle oftiee famoctaractaltsdean L3 can
performor initiate any manner of anomaly handling routine, process, or
not i fi catiosmply amalituiefigeshgliaiangeeandisc®o12 e0bd ey R SxResH s bHAY miial r esponse

recel vedn Lk AN ITe Pl PR Ores IR, OIAL bORRS LBRPR03RAAL0 Can

conprise any nanner 01E as a circular queue,
exanpl e. ankpleudé Hirashold/rahgd, expan@ohdllbecamenidd icoapimiined o gidtal
P et Al O e Cmbodimmont, 1he Snomaly profile caninalude & dvme daration profle. The. <
20  time duration profile can comprise a time duration of a deviation from the expected flow
material characteristic. For example, a typical air bubble in water will transit through
the meter assembly 10 in about 100 milliseconds (ms). If a frequency response includes
a frequency spike that is about 100 ms in duration, the time duration profile alone may
-be used in order to make an air bubble anomaly determination. As a result, when an
25  associated flow characteristic deviates from the expected flow material frequency
characteristic for a time period that falls within the time duration profile, then an
anomaly occurrence is determined to exist.
In one embodiment, the anomaly profile can include one or more of the above
frequency, amplitude, and time duration thresholds/ranges. For example, for air bubble

30 detection, the anomaly profile 1411 can comprise both a frequency threshold/range and

an anomaly time duration profile. Other combinations can be used, depending on the
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assenbly 10. The vibrational response 1410 can conprise sanpled portions
of the electrical signal. The vibrational response 1410 can i ncl ude
first andygggRNshssensor signals and can further incl ydedsh@Wozoiss
characteristics derived fromthe first and second sensor signals. For
exanple, the vibratjional response 1410 can include a frequency 25 val ue
(i.e., AOPPRIGHSHEFIAbpIBRERP fObe ditededi hag dseRiionAmePns SMBRAIMFBY from t he
first apg,SRGARELIENRAfiRI 9nal s. The anomaly profile 1411 stores one or
nore profilés that are used in order to detect anomalies in the flow
mat eri al . Millhe phenadponedifiorpt 4f2 ¢amscongmisbe stabcvartble thitandicatasivhethee
anomaly types are desired to be _detected. A stared anaomaly.profile can

[ ncl ude 0GR i BT CSRITRE: FBhSEIIRC B G IS P Bt S MG U | n one
enbodi Mefcklyt A BEARRILY iRk SHAlBubd UeleRGIddR vAPhRNQFRYIYs, Fh&

profile.” The anomaly fiequency profile can conprise a frequency threshold
t hat i s coBditivD120D&N1B8044E aPEIdSR(0 81201188y raubtwe. dn obeb:xampes thxpect ed

flow naterial fregue ch teristi he . .vi brat] |,
excbeds "B TGRS LA et b SR O NG bRty PBL r ence | s
determ 'ﬂ)@%iﬁ@h@dﬁgﬁtthe ﬁ%ﬁeﬁﬁé&_@&bl@ﬁid andl BB &S T ENRA B Rise. t he anomal y

frequency profil e can conprise-a frequency range. The anomaly frequency
range can 5 dbepnimeyaldmddiadcey compgee 4 $ate viagatab thee inslicabes| aovalarhe

e Wnofarg PR e R A PLAGED [ARR A R SHONEIYE GRULAH BHES 8 det er m ned 1o
exi st . HagAnRuab Yo bEQAYRICnd ARARIE ARrRe4 SPES Bd el & Iifate RiASE and

conposition of the anomalous material. For exanple, the anonmaly frequency
range camanper sipmuiifd, pracessingyar hotefidagion ¢abe pelrmedsluriag theadnogady. i fora crude

oil flow strea 1 t he, .met | ectrqni 20 th f n .det ect
nat ur ol SGASP e Bise0d A Re P Qe NT I B an GRBS At L e T Orml y
profile ;gafRoAtl HERaPid ANPERhY:, 84FPhitldeds addfly hRssafb & atmngld¢vigpl i tude

profile can 1 nc¢lude "an anomaly anplitude threshold or an anomaly
anpllidt udtc.r ange. The anonmly anplitude threshol d/range can conprise a

density, mass.flow rate, ar . tinme, or ase del a | itude val ue, for
exanpl & Hondvsrnond ekt hars bSR P ot phpdeRoRarraige. SHh | nol ude

ot her fl@wrnaRalaat Bf14dh ‘é§untE|a§or AP BB 1Ys, ﬁffcﬂie'tst a8t l%ﬁhéﬁ df s@ngen can be
above or bel 6w an expected fl'ow material ""flow characteristic, \Wen the

vi br at i dmaflowespend e Tox eemuay eouritdldl4 can bhineranhenteha eabty detastibn plige

thr eshol g/ anoer, L NEN, AN ANPTR. 258 YSHSSe! SrdS e LIS, LBt

20 1412 is set to a TRUE state, for example.

FIG. 20 is a flowchart 2000 of a method for detecting a flow anomaly in a flow
material flowing through a flow meter according to an embodiment of the invention. In
step 2001, a vibrational response is processed. The vibrational response can be
processed in order to determine one or more flow characteristics. The vibrational

25 response can comprise a first and second sensor signals, for example. The one or more
flow characteristics can include a frequency of the vibrational response, a phase
difference between the first and second sensor signals comprising the vibrational
response, a density, a mass flow rate, a volume flow rate, a time delay, etc.

In step 2002, the vibrational response is compared to an anomaly profile. As

30  previously discussed, the anomaly profile can provide information that enables detection

of an anomaly of many different types. The anomaly profile can specify a gas anomaly
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I n one enbodi nent, the anomaly profile can include a tine duration
profile. The 20 tine duration profile can conprise a tinme duration of a

deviatio the expected flow material characterigtj anple, a
typi cal 2\/450@@%‘1@ inwater will transit through theﬁgr:rJ{s/@%erE(’z@g@gbly 10

in about 100 mlliseconds (nms). If a frequency response includes a
f r equent®ybesistaeted: hare angmalyquetile@en arecify adgreign bauid epemelyrie bedetastedn

fil | i bubbl I
et or m Aot ERp Lot ol ity SRR ST BB ow char act or 1 st c

devi at es fr orhd dienekppofitdcandiciond &1 araplithdeproding guctchamaatgitudt i c for a
time period that falls within the tinme duration profile, then an, anomaly
occur r efE31% thaetheidwrramniitede aomalyragae ERoyaplHEae priﬂ@ca@rﬁ?mrgﬁepr ofile

can 4 ncl ché)?ilé) a ﬁé%%gﬁg&éémﬁh & ARV L€ ?Hmrac%glg%{:.t ude, and tinme

duration thresho For "exanpl e, for arr e 30 detection,

t he anomal y Piteodriohenll grbfilecern inclogds 4 Seqixaith peoffle aquieacy fitduedsiol d/ r ange
and an anonmaly tinme duration profile. Oher conbinations can be used,

dependi FPRAY i/hai%sh@loquzle@m@@mbsrapmﬂ@@mwé i aeteiBe@l ous mat eri al

or mat e%&ﬁﬁyﬁﬁh@%o@@ﬁgﬁ@h@ﬁ' The detection in one enmbodi ment enpl oys
pattern recognition. e anomaly condition 1412 can conprise a state

vari abl e t haThd adntdy poithenHiacludantiaraiuedtion goliler Mantime deativn i ng.  For
exanpl e, cause the neter electronics 20 can 5 quickly or substantially
i nst @nt BiPERANyINdistte eRiapanaly d{ihe yaradonat respprss deyigies diohnal $XPeeEadi t i on

1412 cap.j,adi ; i %EQ% tially real tine. In one exanple,

t he an%ﬁg y%%%}oﬁ?@?éﬁﬂ%%é’%ﬂg%ﬁ sEe‘1 ‘'to a TRUE or ON value while an air
bubbl e is palssimgmdypadighcin@npeiset babblepbbiyie lilcluding anair Hubbket to FALSE
ot herwi se._ The anqnaly al arm 1413 can conprjise a state variable that

i ndi cat BT HrePUhblenprodls fan spesily apieomvgricy ohrapiudafeqsrebandet to
TRUE V‘hﬁﬂxg%@@g@iﬁﬁidﬁe arfiE 1AL M h8wf%ﬁat8§&1‘! ok BmiBSnEBoumL y al arm

1413 can be use O lInitrate sone nanner of routine,” processing, or
not ilfi catafiknint aneleentpdirheat sedindlude ngrdgnensnbreshyld oF fiequesxapbeye 135 a sol i d
is detected in the flow materjal, the anonaly alarm 1413 can initiate an

anomal y M8 Raime GrakorpePariohll marvhers teata BdteaRoteraer
ot e A48 an A, A GTATRL Yt ) S a8 o
bubbl escomeakiates antl afowihignhd scppé dSthealesgitiod ind plaims.
It should be understood that the anomaly profile can include one or more of the
20  above factors. The anomaly profile can be selected or created for a predetermined flow
material and for one or more predetermined anomaly types that are expected in the flow
material.
In step 2003, if the vibrational response is within the anomaly profile, then the
method proceeds to step 2004; otherwise, the method branches around steps 2004 and
25 2005.
In step 2004, because the vibrational response falls within the anomaly profile,
then a shift in the vibrational response is detected.
In step 2005, because the shift has occurred, an anomaly is indicated. As
previously discussed, the indication can include multiple actions. In one embodiment,
30 the anomaly condition 1412 can be set to a TRUE state as long as the anomaly is

detected. For an air bubble in a water flow material, an air bubble will typically take

about 100 ms to pass through the flow meter. In one embodiment, the anomaly alarm
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the flow material. The anomaly count 1414 can be increnented at every
detection of an anonmaly. The anomaly count 1414 can be increnented when
the anomaly condition 20 1412 is set to a TRUE state, éfrﬁéﬁ%ﬂgkg. FI G
20 is a MOWEHL 52000 of a method for detecting a flBWH VPn a flow
material flow ng through a flow nmeter according to an enbodi nent of the

i nvent i &hl3 dan be setgp TRIOA, whervinihaslaon sthtercas perisen s inpiate egsethaniire

vi bratiopal response can. be rocess i.n order to,determne one or nore
71 ow onir opies SERESe FaRinuimabise Grarnonre A ohs EP0aTEoNa FadREy | ot
and secehht $£NSQN 1Rl iH88IenteH OWhQUATRE Srondd}e cORE 1914 BB odcuP¥hces of
characteristics can include a frequency of the vibrational response, a

phase @gidmadice icle fotwwanditidne Hor esampladhe eeumaly sewsidrd 14 icgmeadusit conpri si ng

the yvibrational .re nse, .a nsit mass flow rate, a volunme flow
rate? ao?Wﬁﬁn%§P£§?$§§@@%%?FE?@%“?8%§¥%§H%_Si F%F?&Hﬁﬁ response is
conpar ed to I@@hcﬁfﬂ@ﬂ@hﬁdd@ﬁt@&d ﬂ@t thASbSd RERYE 6leps Marﬁtbe?i@d#w pél‘ﬂﬁ'm@ﬂ.omil y
profile can provide information that enables detection of an anomaly of

many di £p&icerbratignd sespPhse iasomtaiupugy sfdeivedcidparspreitériijvely guwsewpdared y 32
WO 2006{;13041@ Pgr/ US) 0606/ 2(%&8%; %eo. ge eetsg‘g)ttedﬁalTh(%nﬁnorml}yd _rcgfd' | e can
specify ?fn?a(;?. iaa am)ra ot ?\yH{a e et l?"he HE}% y eg?_? | e can
speci fy s $@ich@dd 2B maReP@indRtRELRM and i ceMRlbytaRfi Afy e @iind. ncl ude
an anplitude profilé, such as an anplitude anonmaly threshold or an

anplt udbe daweidrithersiiore lodpsdadnisl step¥1profil e can conprise 5 a profile
of a freque _densi t .or ss. flowrate flow characteristic. The
anomal v pr of {emEGhSlekoniBherdPifngd Bl b it of AR ELE Shblsstncy
anonal y a$ddr8sde) syt thd QabENEY¥nR M FRkeY td OgRe kbtkal GaPaligyed Sie dediRd.
determine an anomaly in the flow material. The anomaly profile can

i ncl ude Aglvantpgeously desi enploy iithefastTiiegueneseardiphase deternligatmes the enegean

i ndi cate, _an anomal y. if the vibrationalresponse deviates from an expected
Fespons 8 aRelTaRgtes! ettt B orrecRBrrTE SN oGt AT b can
comsi S@ectRUiRd endhsll | TBe idvRalistlEaMtepRt AhdmAeR RISstarialyi | €. The bubbl e
profile can specify any conbi nation of anplitude, frequency, and/or tine

val ues fstntanpelistsat Bhedinvenimmah yorne emhedifiienty andtiadedomerdew esudiidns, t he
bubbl e 15 (gr oﬁ{éjtﬁ in orﬁ?errbodi ment can include a frequency threshold of
f r equencies24hoVe® “and a time duration of about 100 ns, where the

fl ow mat eri arhd ;ivi@tef caatdche ghURBbR in the flow material. The invention can
detect an air bubble in the flow material. The invention can count air bubbles in the
20 flow material. The invention can determine bubble boundaries of bubbles in the flow
material. The invention can detect foreign liquids in the flow material. The invention
can detect solids in the flow material. The invention can count solids in the flow

material.
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conprises an air bubble. However, other frequency thresholds and tine
durations are contenplated and arc within the scope of the description

and cl ai Ny dobeSoPY! d be understood that the anomaly pﬁ(?f/hézﬁo Msk ncl ude
one or nore of the 20 above factors. The anonmaly profi e sel ected

or created for a predetermned flow material and for one or nore
pr edet er Merfd@manomal y types that are expected in the flow material. In

then the: MstonCarbl B M-8R 05 Adpibt i L1V BRI ERE Y anches
around stheqgsh200Ay aetkr (25th200&er diBctfingR (20bmpeeiause the vi brati onal

response falls within the anomaly profile, then a shift in the
vi brational raidpisHaes (281 hEor geqeadng Fﬁlbﬁt@@a@@wn%@%@ﬁé@w mategipl, fithha s

R e e s e e S s

anonmal y sigmdj 4idon 1412 can be set to a TRUE state as long as the anomaly
is detected. For an air bubble in a wate teriial, an air bubble
will typical | yPesssing spsem (19D woml%%emt Wﬂéd@%ﬂt%@cf'ﬂ (BW)aader. In one

embodi m@%ﬂf{g&l&%&%&&@@ﬁhﬂl@f nﬁe%&%’ﬁ%ﬁtﬁg ﬁ&éf&f gtféd'l gqufa(t’g% | lgl?fg 1413

can be se wher el n e al e can orm 1 Ni sone

manner  Gdgredyshiued shnﬁl@mﬂtHaQirBthéhMitSlgnBlrami%&ﬁeraWat st dnecddon. 1 n one
enbodi ment, an _anomaly _count 1414 can be increnented, wherein the

anontl y elsupsterisig 4sing atwtegstélasf‘ct}wt amseissi gl andhbeaminess degies phase Pl
condi ti Opetef% hﬁfﬂ%r{g% lblédbﬁaﬂ%g@ééhfﬁﬂé‘ tlea]sfﬁm e 60 cﬁ%t‘n{q& c?ﬁﬁ% ﬁgﬁes of

gas bubb arr or s s’in ow nateri

under st oog ahbabtlytphefilapmdendetifeeel aabeply waditioe ak b essattiofehe/dgpenihgr med.  As
the vibrational response is continuously received, it can be iteratively
processed and conpared, and anonalies inthe flow material can be

subst ant ha . can be
detectedtahhé(mce §?Q§H§% éﬁ ?ywﬁﬂqmlgghﬁaiéﬂl)@%ﬁtﬁ3g¥@§ ar t
there5oranﬁQg&ﬁtbagﬁﬁﬁﬂhsbﬁﬁoﬂﬁ@ﬁm The nmeter el ectronics and nethod

according to the invention can be enployed according to any of the
enbodi ments in order to provide several advantages, if desired.

the met on. 1o Bty GRG0 of sk SohF ROHEPRX AR, PRRAFCRE SHIME o™
can qui cktr)ﬁgamsdi tadietatiatlelperform the receiving, generating, comparing, detecting, and
indicating.
20
4, The meter electronics (20) of claim 1, with the flow meter (5) comprising a Coriolis

flow meter.

5. The meter electronics (20) of claim 1, with the flow meter (5) comprising a vibrating

25  densitometer.

6. The meter electronics (20) of claim 1, with the at least one flow characteristic

comprising a frequency response.

30 7. The meter electronics (20) of claim 1, with the at least one flow characteristic

comprising a phase difference response, and wherein the processing system (203) is
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15 detect a flow anomaly. The invention can detect anonalies
substantially instantaneously. The invention in sone enbodi nents and

under songqh), nditions can quantify the anomalieserfReok/est i on can
det ect an{gas @W%@ e inthe flowmaterial. The invention can detect an

air bubble in e flow materi al i nvention can cqunt. air, bubbles in
the 20 qt%%?@#?%io copputs thy dheta ocﬁ fiRIgRCHEE RIS HENS H}”ée%éﬁ%rﬁﬁrl es of

bubbl es i n.t ey f @ms 6d Sdnal, e hhVRBLd QR GaRfet ect foreign liquids in
the flow materia Invention can detect sofids in the flow material.

The i nvention can count solids in the flow material. 34 WD 2006/ 130415

PCT/ 1JS 02018 I ectronic 2 for, detecting a
f1 ow an%n'% pojerse ?th%é%rqféﬂm@ ]O\X)fl ef‘ﬂ?@ﬁﬁ@ﬁeg \g"l Cg‘\?\faﬁ{?f’étﬁc (5), the
net ek el.ghi Ffﬁﬂg%gahﬁ@&fﬁ%ﬁpé $e3f M, ﬁ@wﬁ&aﬁﬂﬁ&lﬁo&%@iﬁg s&&émr %ﬂ'ﬁ/' ng a

vi brational reSponse of the flow material, wt e’ vi brat| onal
r espons duitier codfiggedito gemasite asdcond hinsgndagreegihgseaghif rﬁd)nat}sescmmﬂ SSBIUE Or

signal ; and, a ce n 203) in ca nicatiqn wt |nterface
(200) Attt GO LenE S S0 e RATR S HiR Pk Hpree s i
i nterfagg {204d mng@rﬂ%fré%?)hése”éhfﬁttﬂe ﬁf’s@%rﬁ@r fhasendhhd fecbh@marshe fi ' rst

sensor signal and generate |'éast one flow 10 characteristic using at

Ieast t segnhl.r st sensor signal and the ninety degree phase shift, detect
Hlft in the vibrational response if the at |east one flow

cha Qcteristic falls within the anonaly profile, and indicate an anonaly

condi ti an B feitaMtontls ABRMAPLECL With 2 ot T oREHET ShekigRfE cs (20) of

claiml, wth the interface (201) i'ncluding a digitizer 15 configured to
digiti ze:otrip@smgmmnscslsgnaﬂtnnedelweespemser el ectronics (20) of claim1,

wherein the processing system (203) is further configured to iter ati vel y
performthe receiving, generating, conparing, detecting, and indicating.

20 4. The rB{ehets! a@étfoﬁ{ysm)(o% a1 %ﬁhtﬁé éueémt bhe 166 cfhlaf?i\éfeﬁ%ﬁ@r (5)

conprising a Coriolis | ow neter. e neter electronics (20) of claim
1, Jisth cbh@rﬂsingwmé}ow(lﬁ)enewse sing a vibrating

11. The meter electronics (20) of claim 1, with the at least one flow characteristic

comprising a density response.

20  12. The meter electronics (20) of claim 1, with the indicating comprising indicating a

solids anomaly.

13. The meter electronics (20) of claim 1, with the indicating comprising indicating a
foreign liquid anomaly.

25 ‘
14. The meter electronics (20) of claim 1, with the indicating comprising indicating a

gas anomaly.

15. The meter electronics (20) of claim 1, with the indicating comprising indicating an

30  air bubble anomaly.
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25 densitoneter. 6. The nmeter electronics (20) of claiml1l, with the at
| east one flow characteristic conprising a frequency response. 30 7. The

nmeter electronics (20) of claiml, with the at |east one flow

char act erV@e§% /3% bhpri si ng a phase difference respons@CPERYUURIE n t he
processi ng system (203) is 35 WD 2006/130415 PCT/ 1JS2006/ 020188 further
conf i gurédThe netarpidcarohive (34D af elath fl f eith fleeind esihoneenprisimgsetthe ani net y
degree ag(tlase ?hift, the first sensor signal, and the second sensor

si gnal . 28omaty larey cndiIoBt r oni cs (20) of claim1, with the at |east one
fl ow characteristic 5 conprising a phase difference response, and wherein
the processing system (203) is further configured to generate a second
ni nety dégilaenphastecshinics (30) ofiviahe 1setbik sdivstng canpmmihg mackneohpgt e t he
phasé diafibesealgeougsponse using the ninety degree phase shift, the
second ninety degree phase shift, the first sensor signal, and the second
sensor signal. 10 9. The neter electronics (20) of claim1, with the at
| east on8. # BatheR deradetecting eiflow somply &1 mfow medersa dlosiigmBiroughrrelleie| ay
response, .10. Th er electronics (20) of claiml1l, with the at |east
one fIo%%%étrhgé?egkrlcirﬂsaﬁr%prlsi@'corrpri sing a mass flow rate response. 11. The

neter el ectr ebRond 20brafonsl r@épgPnds frvithe f16€ rAdted, @aitho R ritloaw
characteristic conprising a density response. 20 12. The neter

el edfr or¢spansedngluding et easharfirstyensprisigmal and asecprdseasdipigiibing i ndi cating a

sol i ds anonmal vy, . The .nmet er ect L.CS ] I aim 1t h the
SOl oot o glnerdiite e o hEGHANIER 1hE Rt SngSl SLh boa WhAdad e

met er  elaerhit@nk €W dtacedristt aking & leMdt the filesenbeh seatal el ©i@MRekys ddtgee
indicating a gas anomaly. 15. The nmeter electronics (20) of claim1,

wi t h t hehpsedshifliti ng conprising indicating an 30 air bubble anonmaly. 36

comparing the at least one flow characteristic to at least one anomaly profile;
15 detecting a shift in the vibrational response if the at least one flow characteristic
falls within the anomaly profile; and

indicating an anomaly condition as a result of the detecting.

19. The method of claim 18, further comprising iteratively performing the receiving,

20  generating, comparing, detecting, and indicating.
20. The method of claim 18, with the flow meter comprising a Coriolis flow meter.

21. The method of claim 18, with the flow meter comprising a vibrating densitometer.
25
22. The method of claim 18, with the at least one flow characteristic further comprising

a frequency response.

23. The method of claim 18, with the at least one flow characteristic further comprising
30  aphase difference response and with the generating the at least one flow characteristic
further comprising computing the phase difference response using the ninety degree

phase shift, the first sensor signal, and the second sensor signal.
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WO 2006/ 130415 PCT/ US2006/ 020188 16. The neter electronics (20) of claim
1, with the indicating conprising setting an anomaly alarm condition.

17. The %500@133% ronics (20) of claim1, with the i ng%,f/ﬁgiop(gozﬁﬁgpri si ng
ow

i ncrement “anomal y count. 18. A nethod for det I'fng
anonaly in a flow material flow ng through a flow neter, the nethod
conpri si Bé: Thfemeth@dmg? chimi I8y with direadt 1easbponiew flharmttmmcfﬂldhﬁrrt@tmlsmm th

t he vi brat] 10 response din a first sensor nal and
1 second ! BBRE HIFRR DR GLT T h e ptes Tih i Be piraia’ SRR B t he
first senggkrshfpdingnd generating at |east one flow characteristic
using at least the first sensor signal and the ninety degree phase
shift; conpargangrating asecorsbignety d@gﬂ?«b DWS@ lhiflalcerethe sacond eenger dignegtandne
anomayprofll a shift in the |bra nal res e, i f the
at |east one ?CIIWJE@HEE%%@F eir%ncefr%ﬁppgsevﬁst% °PHE yaﬁ&?%elli}] $§T“ﬁ1 8 and

i ndi cati @Q:oﬁ@nﬂt@?/r@g)/eeclﬂﬁgé §HiBNha$irs sERBrkndf arldBe 8008 kMg sidfh]. The

nmet hod of claim further conprising iterativel y perform ng the

receiving, 20 generatlng, conparlng, detectlng, and indicating. 20. The

rret hod o a_.Co I fl ter.
Oe” for Wik et oclalpg®C wich ¢ ST o R ERb AR Bot ke Splasife™ ©”
denS| tonetsa{sor 31$15a122ne a'éjgy @@g of claim 18 with the at | east one flow

characteristic further corrprl sing a frequency response. 23. The net hod
of cl8im18, with the at | east one flow characterl stic further conprising

{1 ow Char Ge By PEITR TeTPHEr SEaa 1ol B TR TRt ARG N B Fnce

responsea%ﬁsggown@te%mhye degree phase Shl ft the first sensor signal,
and the second sensor signal. 37 WO 2006/ 130415 PCT/ US2006/ 020188 24.
The method of claim18, with the at | east one flow characteristic further

comD 1! 39, 15, AUARR A LT SR RO g DR AR L

15 adensity response.

28. The method of claim 18, with the indicating comprising indicating a solids

anomaly.

20 29. The method of claim 18, with the indicating comprising indicating a foreign liquid

anomaly.
30. The method of claim 18, with the indicating comprising indicating a gas anomaly.

25 31. The method of claim 18, with the indicating comprising -indicating an air bubble

anomaly.

32. The method of claim 18, with the indicating comprising setting an anomaly alarm
condition.

30
33. The method of claim 18, with the indicating comprising incrementing an anomaly

count.

38



generating a second ninety degree phase shift fromthe second sensor
signal; and 5 conputing the phase difference response using the ninety

degree phgseoghsdfsis the second ninety degree phase shicfrtus2dobercidsr st
sensor signal, and the second sensor signal. 25. The nethod of claim 18,

with th i.Si sensor

at, | east, one flow characteristi¢ further conpri.sin
oi gnal | (e HEMSY (Pedsiel < v Seomam i v drgra i e 18050 4 lovhe at
| east ongetéd My wAR6RESBplishE:C further conprising a mass flow rate
response. 27. The nethod of claim18, with the at |east one fl ow

char act er i st resepving haibreiompl fegpange from the Hewsnetgr. vapibagibratigial The net hod

of claim18. wth.the indicating comprisi indicating a.solids anomaly.
20 20. TROOMS ROYSBE B IGrhs Bt Sy ERbET ety R EoHBRISi ng 1 nai cat i ng
a forseign |i gehdatim@imke: dedboe phig SHEt Heh @b ﬁ@ét@bﬁﬁoil&%nw dnb gbh@atin
indicating conprising indicating a gas anomaly. 25 31. The nethod of

cl ai m 18t lagptrametiloav ¢hrgacienstisgsivs wplepsithaylitshetingen Jignp! and BiermitnihBegsee
anonal y. h%é‘sh-irfitle met hod of claim 18, with the indicating conprising
settinglén anormaly alarm condition. 30 33. The nethod of claim 18, wth

the indi cati RgmeaHRY theian abi e EIRNEHal k@ tedidti @ ROAEES a@@yéﬁoma?bﬁFl\@le;

2006/ 130415 PCT1LS2006/ 020188 34. A method for detecting a flow anomaly
in a flow nmatdeiertng & ploliiingha tibwtighal sesppesk if Hetas feast e TSt Pledadisdei si ng:
recejyi jbrational res e fromthe flow neter, with the
vibrg%ig%% M@%&%% %EiPﬁzﬁﬁﬁgﬁ%%Q?&least a first sensor signal and a

second sensofingégdiing bb@wietaint it @silt 6y déeeige phase shift fromthe
first sensor signal and generating at |east one flow characteristic

using at least the first sensor signal and the ninety degree phase

shifts %%’.Tgﬁnre:ng&h&i‘gf Ahinh S2ShrRALohpAYnE MRFRGER JebfokfideIndfeck R 2 935

anonal y profi
generating, comparing, detecting, and incrementing.

15

36. The method of claim 34, with the flow meter comprising a Coriolis flow meter.
37. The method of claim 34, with the flow meter comprising a vibrating densitometer.

20  38. The method of claim 34, with the at least one flow characteristic further comprising

a frequency response.

39. The method of claim 34, with the at least one flow characteristic further comprising
a phase difference response and with the generating the at least one flow characteristic
25 further comprising computing the phase difference response using the ninety degree

phase shift, the first sensor signal, and the second sensor signal.

40. The method of claim 34, with the at least one flow characteristic further comprising
a phase difference response and with the generating the at least one flow characteristic
30  further comprising:

generating a second ninety degree phase shift from the second sensor signal; and
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detecting a shift in the vibrational response if the at |east one flow
characteristic 10 falls within the gas anomaly profile; and increnenting
a bubbl WU 13885 @ result of the detecting. 35. The W@%s%m&{ ai m 34,
further conprising iteratively performng the receiving, genéerating,
conparing, detecting, and incrementing. 15 36. The nethod of claim 34,

wi th the fl owmmetisg thegipsé differenae Goporok using [tsninetyategreePhaseThét, et hod of

35 Tho usethste s e Tahu ir Rt @l PR o0 B Rl <o

further conprising a frequency response. 39. The nethod of claim 34,
with the at |east one flow characteristic further conprising a phase

di f f er ehbeThempibad of elaun witt With Hee ataastraeiflnyy ehrsacieristiedatthes semprising
chargcteg&§t4§ E%g f%ﬁther coqprising conputing the phase difference
respons% ug?néﬁq i %?JeﬁgﬁPee phase shift, the first sensor signal,
and the second sensor signal. 40. The nethod of claim34, with the at

| east one flow characteristic further conprising a phase difference

r esponsé2.ahie wethad phelage Aér with thy at Feastaane chagpeierigtisvudheacampasingti ¢ 30
further coqgéisiqg; enerating a second ninety degree phase shift from
the secBRd*senSoT LP°gR4Al" and 39 WD 2006/ 130415 PC17US2006/ 020188
conputing the phase difference response using the ninety degree phase
shift, the second ninety degree phase shift, the first sensor signal, and
t hel@echhdleemsbed of giaih 34, with thes legst i dlast cldragtenigie fugherisompasiag | east
one flomhgh%r%cteﬁkstic further conprising 5 a sensor signal tine delay
respons%. Y TPR&"Fet hod of claim34, with the at |east one flow
characteristic further conprising a mass flow rate response. 10 43. The
met hod of claim34, with the at |east one flow characteristic further
conpr i sithgThamgdediof ylaira SAofusiber epmpriphg seiingsd aspmelsailpmsgonditign: her
conprising setting an anonaly alarmcondition. 15 45. The nethod of
claim 34, further conprising increnenting an anomaly count. 40

15 45, The method of claim 34, further comprising incrementing an anomaly count.

40





